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Climate	  change,	  through	  ocean	  warming	  and	  ocean	  acidification,	  can	  affect	  the	  life	  cycles	  
and	   population	   dynamics	   of	   marine	   species,	   which	   react	   by	   developing	   acclimation	  
mechanisms.	   Sea	   urchins	   (Pseudechinus	   sp.)	  may	   hybridise	   with	   sympatric	   species	   or	  
induce	  local	  adaptations	  geographically	  and	  sea	  stars	  (Odontaster	  validus)	  may	  develop	  
transgenerational	  plasticity	   (TGP)	   in	  response	   to	  climate	  change.	   I	   studied	   their	  stress	  
responses	  and	  if	  they	  developed	  potential	  acclimation	  capacity	  against	  climate	  change.	  	  
	  
1)	  Ocean	  warming	  favours	  native	  or	  hybrid	  progeny,	  I	  exposed	  progenies	  of	  sympatric	  
sea	  urchins	  P.	  huttoni	  and	  P.	  novazealandiae	   to	   thermal	   gradients	   (5.9	   to	  21.1°C)	  with	  
near-­‐future	   increased	   temperatures.	   Both	   hybrid	   progenies	   (P.	   huttoni	   ♀	   x	   P.	  
novazealandiae	   ♂	   and	   P.	   novazealandiae	   ♀	   x	   P.	   huttoni	   ♂) showed	   normal	  
developmental	  rates	  like	  their	  native	  maternal	  counterparts.	  At	  4-­‐days	  post-­‐fertilisation,	  
P.	  huttoni	  ♀	  x	  P.	  novazealandiae	  ♂	   showed	  similar	  developmental	   rates	   to	   their	  native	  
maternal	  progeny,	  while	  P.	  novazealandiae	  ♀	  x	  P.	  huttoni	  ♂ progeny showed slowest	  and	  
irregular	  development,	  indicating	  hybrid	  depression.	  P.	  huttoni	  ♀	  x	  P.	  novazealandiae	  ♂ 
larvae developed	   significantly	   enlarged	   stomachs	   and	   larger	  postoral	   arms.	  Due	   to	   the	  
small	  sample	  sizes,	  this	  experiment	  was	  rendered	  as	  preliminary.	  	  
	  
2)	   P.	   huttoni	   populations	   from	   Fiordland	   and	   Otago	   Shelf	   respond	   better	   to	   climate	  
change	   as	  native	   or	   hybrid	  progeny.	   I	   tested	   crossed	  offspring	   of	   the	   two	  populations	  
against	  a	  combination	  of	  thermal	  gradients	  (5.9°C	  to	  21.1°C)	  and	  pH	  levels	  (pH	  8.1	  and	  
pH	   7.7).	   Both	   intra-­‐site	   progenies	   developed	   better	   than	   inter-­‐population	   groups	  
(Fiordland	  ♀	  x	  Otago	  ♂	  and	  Otago	  ♀	  x	  Fiordland	  ♂),	  and	  both	  inter-­‐population	  groups	  
responded	  similar	  as	   their	  maternal	   intra-­‐site	  populations.	  Both	   intra-­‐site	  groups	  held	  
withstand	   up	   to	   +3°C	   above	   the	   regional	   thermal	   limit,	   but	   the	   developmental	   rates	  
decreased	  with	   acidic	   pH.	  Morphological	   changes	  were	   observed	   in	   total	   length,	   total	  
width	  and	  postoral	  arms.	  Pluteus	  larvae	  of	  the	  hybrid	  Fiordland	  ♀	  x	  Otago	  ♂ were	  wider	  
with	   enlarged	   stomachs	   area	   at	   decreased	   pH	   level,	   while	   other	   pluteus	   larvae	  
developed	  smaller.	  	  
	  
3)	   Offspring	   of	   sea	   star	   O.	   validus	   develop	   TGP	   against	   ocean	   warming.	   Adults	   were	  
preconditioned	  at	  either	  ambient	  0.5°C	  or	  experimentally	  3.5°C	  in	  the	  laboratory	  a	  year	  
	   v	  
prior	   to	   experiment.	   Embryos	   and	   larvae	   were	   tested	   for	   TGP	   against	   an	  
environmentally-­‐thermal	   gradient	   between	   2.0	   to	   11.3°C.	   TGP	   was	   not	   clearly	  
evidenced,	   with	   progenies	   responding	   poorly	   to	   warmer	   temperatures	   above	   6°C.	  
Progeny	   of	   warm-­‐acclimated	   adults	   had	   broad	   thermal	   windows,	   but	   their	   normal	  
developmental	   rate	   was	   poorer	   than	   those	   of	   cold-­‐acclimated	   offspring.	   Warm-­‐
acclimated	   adults	   developed	   bigger	   eggs,	   but	   of	   lower	   quality	   than	   those	   of	   cold-­‐
acclimated	   adults.	   The	   short	   experimental	   acclimation	  period	   led	   to	   immature	   gonads	  
prior	  spawning,	  a	  longer	  acclimation	  period	  is	  essential	  for	  further	  investigation.	  	  
	  
These	   experiments	   demonstrate	   that	   sea	   urchin	   and	   sea	   star	   offspring	   experience	  
stressful	   development	   against	   ocean	   warming	   and	   ocean	   acidification.	   Increased	  
warming	   can	   affect	   physiological	   performance,	   development	   and	   thermal	   tolerance	  
during	   fertilisation	   and	   early	   developmental	   stages,	   while	   decreased	   pH	   can	   disrupt	  
calcifiying	   functions	   and	   metabolism	   in	   larvae.	   Extensive	   research	   is	   needed	   to	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Chapter 1. General introduction 
 
 
1.1  Overview 
	  
Climate	  change,	  in	  particular	  the	  warming	  (IPCC,	  2013)	  and	  the	  acidification	  (IGBP	  et	  al.,	  
2013)	  of	  the	  ocean,	  will	  affect	  the	  life	  history	  cycles	  and	  distribution	  of	  marine	  species	  
directly	   and	   indirectly,	   such	   as	  migration	   and/or	  habitat	   expansion,	   formation	  of	   new	  
hybridisation	   zones,	   local	   acclimatisation,	   transgenerational	   plasticity	   or	   through	   to	  
local	   extinction	   (Gardner,	   1997;	   Parmesan,	   2006;	   Pörtner	   &	   Farrell,	   2008;	   Hoegh-­‐
Guldberg	   &	   Bruno,	   2010;	   Padilla-­‐Gamiño	   et	   al.,	   2013;	   Chunco,	   2014).	   In	   response	   to	  
environmental	   change,	   an	   individual	   species	   may	   also	   undergo	   changes	   in	   the	  
behaviour,	  morphology	  and	  physiological	  functions	  (Byrne,	  2011).	  	  
	  
Through	   the	   complex	   interactions	   among	   marine	   species	   within	   a	   community,	   the	  
survival	   and	   abundance	   rates	   are	   determined	   by	   their	   performances	   and	   responses	  
against	  and	  with	  other	  marine	  organisms.	  The	  impacts	  caused	  by	  human	  activities	  may	  
change	   these	  biological	   functions	  and	  ecological	  networks	  within	  a	   short	   span	  of	   time	  
(Pörtner	  &	  Farrell,	  2008;	  Doney	  et	  al.,	  2012).	  These	  effects	  are	  possibly	  irreversible	  and	  
deleterious	   if	   the	  organisms	   lack	  time	  to	  response	  or	  acclimatise	  to	  the	  environmental	  
changes.	  Investigating	  to	  these	  effects	  and	  responses	  to	  climate	  change	  in	  the	  ocean	  (i.e.	  
increased	   temperature	  and	  decreased	  pH	   in	   the	  sea	  water)	  will	  extend	   the	  knowledge	  
and	  understanding	  of	  their	  acclimatisation	  and/or	  evolutionary	  capacities,	  and	  therefore	  
the	  behavioural	  and	  survival	  patterns	  of	  marine	  species	  to	  environmental	  change	  can	  be	  
anticipate	  (Somero,	  2010;	  Kordas	  et	  al.,	  2011).	  	  
	  
This	  thesis	  covers	  the	  findings	  of	  the	  potential	  effects	  of	  increased	  sea	  temperature	  and	  
reduced	   pH	   in	   New	   Zealand	   sea	   urchins	   and	   an	   Antarctic	   sea	   star,	   and	   to	   investigate	  
acclimation	   mechanisms,	   namely	   hybridisation	   between	   two	   species,	   local	   adaptions	  
over	   two	   different	   geographic	   locations	   and	   transgenerational	   plasticity.	   This	   study	  
specifically	  examines	  the	  degree	  their	  offspring	  may	  respond	  to	  environmental	  change.	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1.2  Ocean warming and ocean acidification 
	  
The	   global	   average	   temperatures	   have	   increased	   by	   0.85°C	   since	   the	   Industrial	  
Revolution	  (i.e.	  1750),	  and	  expected	  to	  increase	  by	  2	  –	  4.5°C	  by	  2100	  (IPCC,	  2013).	  The	  
ecological	   events	   linked	  with	   the	  heating	  of	   the	  ocean,	   such	  as	   increased	   frequency	  of	  
extreme	   storms,	   changing	   ocean	   currents	   and	   melting	   ice	   that	   remove	   the	   natural	  
barriers	  among	  populations	  and	  species,	  will	  all	  affect	  the	  marine	  communities	  (Hoegh-­‐
Guldberg	  &	  Bruno,	  2010).	  The	  polar	  oceans	  are	  some	  of	   the	   first	   regions	  experiencing	  
significant	  regional	  changes,	  such	  as	  increased	  temperature	  of	  ~3°C	  in	  the	  last	  50	  years	  
(Smale	  &	  Barnes,	  2008;	  Grange	  et	  al.,	  2011;	  Peck	  et	  al.,	  2013).	  
	  
Future	  changes	  in	  the	  distribution	  of	  marine	  species	  have	  been	  linked	  to	  increased	  sea	  
temperatures	  affected	  early	  life-­‐history	  changes	  (Ling	  et	  al.,	  2009;	  Pecorino	  et	  al.,	  2013;	  
Chunco,	   2014;	   Hardy	   et	  al.,	  2014).	  Marine	   populations	  will	   respond	   differently	   to	   the	  
global	  warming,	  and	   this	  will	  depend	   to	  a	   large	  degree	  on	   their	   life	  history	  cycles	  and	  
habitats	   (Byrne	   et	   al.,	   2010,	   Byrne,	   2011;	   Foo	   et	   al.,	   2012).	   For	   example,	   the	  
developmental	   rate	   of	  marine	   invertebrates	   is	   accelerated	  with	  warming	  within	   their	  
thermal	   temperature	   windows,	   and	   the	   larval	   growth	   duration	   is	   consequently	  
shortened.	  Beyond	  the	  limit	  of	  thermal	  tolerance,	  the	  survival	  rate	  and	  performance	  of	  
marine	   organisms	   decrease	   (Kroeker	   et	   al.,	   2013;	   Hardy	   et	   al.,	   2014,	   Lamare	   et	   al.,	  
2014).	  On	  the	  other	  hand,	  polar	  species	  display	  extreme	  stenothermy	  with	  slow	  growth	  
and	  low	  physiological	  rates,	  and	  they	  can	  experience	  poor	  acclimation	  abilities	  that	  may	  
make	   them	   more	   vulnerable	   to	   increased	   warming	   (Peck	   et	   al.,	   2004,	   2009,	   2013;	  
Karelitz	  et	  al.,	  2017).	  	  
	  
Ocean	   acidification	   is	   an	   equally	   important	   climate	   change	   outcome	   that	   affects	   the	  
community	   structure	   of	   marine	   species	   (Nagelkerken	   &	   Connell,	   2015).	   Due	   to	   the	  
ocean’s	  carbon	  dioxide	  (CO2)	  uptake,	  ocean	  pH	  has	  dropped	  by	  ≈	  0.1	  pH	  units	  on	  average	  
since	  the	  Industrial	  Revolution	  to	  a	  pH	  8.1,	  and	  this	  will	  be	  lowered	  by	  another	  0.3	  -­‐	  0.4	  
pH	  units	  by	  2100	  depending	  on	  future	  CO2	  emissions	  (Orr	  et	  al.,	  2005;	  IGBP	  et	  al.,	  2013).	  	  
	  
When	   CO2	   reacts	   with	   water,	   carbonic	   acid	   (H2CO3)	   is	   formed,	   which	   in	   turn	   can	  
dissociate	   to	   hydrogen	   (H+)	   and	   bicarbonate	   (HCO32-­‐)	   ions.	   Bicarbonate,	   in	   turn,	   may	  
dissociate	  to	  a	  hydrogen	  (H+)	  ion	  and	  a	  carbonate	  (CO32-­‐)	  ion,	  as	  outlined	  in	  the	  equation:	  
	   3	  
CO2(aq)	  +	  H2O	  ↔	  H2CO3	  ↔	  HCO3-­‐	  +	  H+	  ↔	  CO32-­‐	  +	  2H+	  	   (1)	  	  
	  
The	   hydrogen	   ions	   react	   with	   carbonate	   ions,	   leading	   to	   a	   reduction	   in	   available	  
carbonate	   ions	   for	   calcifying	  organisms.	  The	  outcome	  of	   this	  process	   is	   that	   the	  pH	   in	  
seawater	   will	   reduce	   due	   to	   excessive	   hydrogen	   ions	   (Clark	   et	   al.,	  2009;	   IGBP	   et	   al.,	  
2013).	  
	  
Exposure	  to	  seawater	  with	  reduced	  pH	  and	  elevated	  pCO2	  means	  that	  marine	  organisms	  
may	  in	  general	  develop	  slower	  or	  be	  smaller	  (Byrne,	  2011;	  IGBP	  et	  al.,	  2013).	  As	  many	  
calcifying	  marine	  organisms	  possess	  a	  calcium	  carbonate	  skeleton,	  changes	  in	  carbonate	  
concentrations	   are	   another	   important	   outcome	   (Kroeker	   et	   al.,	  2013).	   There	   are	   two	  
important	  forms	  of	  calcium	  carbonate	  (calcite	  and	  aragonite),	  and	  both	  will	  dissolve	  at	  a	  
reduced	   concentration	  of	   carbonate	   ions.	  The	   saturation	   state	  of	   calcium	  carbonate	   in	  
the	   oceans	   is	   measured	   with	   omega	   (Ω),	   with	   Ω<1	   indicating	   undersaturated	   waters	  
when	   carbonate	   ions	   are	   present	   in	   low	   concentrations.	   The	   influence	   of	   reduced	  
seawater	  pH	  and	  lower	  calcium	  carbonate	  saturation	  states	  will	  be	  therefore	  be	  greater	  
in	   calcifying	   marine	   organisms,	   as	   elevated	   CO2	   levels	   in	   the	   oceans	   affect	   the	  
calcification	   processes	   (Clark	   et	   al.,	   2009;	   Byrne,	   2011;	   Kroeker	   et	   al.,	   2013).	   Ω>1	  
indicates	   the	   seawater	   is	   supersaturated	   state	   with	   respect	   to	   CaCO3,	   which	   is	  
favourable	  for	  calcifying	  marine	  organisms	  (IGBP	  et	  al.,	  2013).	  	  
	  
The	  combined	  warming	  and	  acidification	  in	  the	  ocean	  provoke	  different	  responses	  from	  
individual	  to	  population	  level	  in	  marine	  species,	  as	  the	  effects	  of	  the	  interactions	  can	  be	  
antagonistic,	   additive	   or	   sympatric	   (Byrne,	   2011;	   Kroeker	   et	   al.,	   2013;	   Karelitz	   et	   al.,	  
2017).	   The	   major	   responses	   to	   climate	   change	   are	   evolution,	   physiological	   plasticity	  
and/or	  migration	  or	  ultimately	  local	  extinction	  (Peck	  et	  al.,	  2004;	  Hofmann	  &	  Todgham,	  
2010;	   Padilla-­‐Gamiño	   et	   al.,	   2013).	   Previous	   experiments	   have	   shown	   that	   ocean	  
warming	  generally	  has	  a	  greater	  effect	   in	  marine	  species	  than	  ocean	  acidification	  does	  
(Byrne,	  2011;	  Kroeker	  et	  al.,	   2013).	  Temperature	  affects	   the	  heat	   tolerance	   limits	  of	   a	  
species	  and	  the	  rates	  of	  survival	  and	  development	  (Fujisawa	  &	  Shigei,	  1990;	  Sheppard	  
Brennand	   et	   al.,	   2010;	   Byrne	   et	   al.,	   2013a),	   while	   the	   pH	   mainly	   has	   effects	   on	   the	  
formation	  of	   calcification	  and	  acid-­‐base	  regulation	  due	   to	  hypercapnia	   (Pörtner,	  2008;	  
Byrne	  et	  al.,	  2013b).	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Arguably,	  the	  most	  critical	  phase	  in	  redistribution	  of	  population	  in	  response	  to	  changing	  
conditions	  is	  the	  early	  developmental	  stages,	  where	  they	  are	  exposed	  to	  external	  factors	  
at	  their	  most	  vulnerable	  stage	  (Byrne,	  2011;	  Pecorino	  et	  al.,	  2013;	  Uthicke	  et	  al.,	  2013).	  
	  
	  
1.3  Hybridisation in a changing ocean 
	  
Hybrid	  zones	  are	   formed	  when	   isolated	  populations	  and	  species	  are	  naturally	  brought	  
together	  and	  interbreed	  (i.e.	  through	  the	  breakdown	  of	  physical	  barriers,	  or	  changes	  in	  
environmental	   conditions),	   creating	   hybrid	   offspring	   (Gardner,	   1997;	   Hegarty,	   2012).	  
The	  occurrence	  of	  hybrid	  zones	  depend	  on	  several	  factors:	  (1)	  the	  interaction	  between	  
two	   sympatric	   species	   in	   terms	   of	   their	   degree	   of	   physical	   overlap;	   (2)	   the	   degree	   to	  
which	   they	   are	   related;	   (3)	   the	   synchrony	   of	   the	   reproductive	   cycles;	   and	   (4)	   the	  
compatibility	   of	   gametes	   and	   fitness	   of	   their	   hybrids	   (Gardner,	   1997;	   Buggs,	   2007;	  
Chunco,	  2014).	  The	  phenotypic	  traits	  of	  hybrid	  offspring	  can	  be	  extreme	  in	  contrast	  with	  
parental	  species	  as	  multiple	  genes	  are	  passed	  within	  a	  single	  generation	  (Chunco,	  2014).	  
In	   addition,	   adaptive	   gene	   combinations	   of	   parental	   lineages	   can	   be	   lost	   in	   mixed	  
genomes	  (Kelly	  et	  al.,	  2010),	  a	  process	  known	  as	  introgression.	  	  
	  
Hybrid	   vigour	   has	   been	   identified	   as	   a	   major	   conservation	   concern	   as	   hybrids	   could	  
have	  the	  ability	  to	  outcompete	  or	  replace	  native	  species	  due	  their	  enhanced	  genetic	  and	  
phenotypic	   traits	   (Kelly	   et	   al.,	   2010;	   Chunco,	   2014).	   On	   the	   other	   hand,	   hybrid	  
depression	   may	   occur	   when	   the	   hybrid	   juveniles	   are	   less	   well-­‐adapted	   to	   local	  
environmental	  conditions	  (Charlesworth	  &	  Willis,	  2009).	  At	  least	  three	  factors	  (salinity,	  
depth	  and	  temperature)	  are	  known	  to	  affect	  the	  distribution	  of	  populations,	  resulting	  in	  
hybridization	   (Gardner,	   1997).	   Human	   activities	   have	   also	   been	   known	   to	   affect	   the	  
occurrence	  of	  hybridization	  (i.e.	  the	  transport	  of	  invasive	  species	  and	  aquaculture)	  as	  it	  
quickly	  takes	  place	  in	  a	  short	  time	  with	  less	  variation	  in	  genomes	  and	  species	  diversity	  
(Gardner,	  1997,	  Kelly	  et	  al.,	  2010).	  	  
	  
Thus	  far,	  few	  studies	  have	  examined	  the	  relationship	  between	  hybridisation	  and	  climate	  
change,	   as	   it	   has	   not	   been	   widely	   considered	   (Buggs,	   2007;	   Chunco,	   2014).	   The	  
population	  shift	  of	  two	  non-­‐sympatric	  species	  towards	  each	  other	  due	  to	  change	  would	  
result	   in	   interbreeding	  hybrid	  offspring,	  and	  the	  success	  rate	  of	  hybridization	  depends	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on	   both	   the	   relative	   fitness	   of	   hybrid	   offspring	   and	   the	   frequency	   of	   hybrid	   matings	  
(Chunco,	  2014).	  Hybridisation	   is	   a	  natural	  process	   that	   also	  occurs	   in	   the	   sea,	   but	   the	  
hybrid	   zones	   and/or	   hybrid	   offspring	   in	   the	   marine	   environment	   are	   difficult	   to	  
recognize	  due	  to	  the	  complexity	  in	  the	  oceans	  (Gardner	  1997;	  Kelly	  et	  al.,	  2010;	  Pfennig	  
et	  al.,	  2016).	  
	  
In	   sea	   urchins,	   six	   genera	   are	   known	   to	   hybridize:	   Echinometra,	   Strongylocentrotus,	  
Heliocidaris,	   Diadema,	   Pseudobolitia,	   and	   Pseudechinus	   (Raff	   &	   Byrne,	   2006;	   Lessios,	  
2007;	  Lamare	  et	  al.,	  (in	  press)).	  Lamare	  et	  al.	  (in	  press)	  have	  examined	  thermal	  windows	  
of	   developmental	   stages	   of	   the	   natural	   and	   hybrid	   progeny	   of	   the	   sea	   urchin	  
Pseudobolitia	  to	  explore	  some	  of	  the	  outcomes	  of	  ocean	  warming	  in	  hybrid	  zones.	  These	  
results	   indicated	   significant	   hybrid	   depression	   in	   the	   offspring	   species	  with	   narrower	  
thermal	   windows,	   and	   that	   while	   natural	   hybrids	   presently	   survive	   to	   reproduce	   in	  
present	  day	  conditions,	  the	  future	  warming	  may	  restrict	  their	  distribution.	  	  
	  
	  
1.4  Environmental adaptations 
	  
As	   the	   environment	   changes	   by	   global	   climate	   change,	   organisms	   have	   to	   survive	   by	  
either	  migrating,	  competing	  with	  other	  species	  or	  adapting	  to	  local	  changes	  (Parmesan	  
2006;	   Hoegh-­‐Guldberg	   &	   Bruno,	   2010).	   For	   example,	   the	   Arachnoides	   placenta	   sea	  
urchin	   population	   in	   Taiwan	   already	   exist	   at	   their	   thermal	   upper	   limit	   with	   less	  
flexibility	  to	  adapt	  to	  new	  warmer	  conditions,	  while	  conspecific	  population	  in	  the	  cooler	  
seawater	  around	  East	  Australia	  are	  able	  to	  adapt	  to	  warmer	  temperatures	  of	  +7°C	  (Chen	  
&	  Chen,	  1992;	  Hardy	  et	  al.,	  2014).	  The	  local	  plasticity	  of	  a	  species	  will	  play	  an	  important	  
role	   in	   acclimatising	   to	   climate	   change,	   but	   it	   also	   depends	   on	   the	   life	   cycle	   and	  
reproduction	  duration	  of	  a	  species.	  	  
	  
To	  acclimatise	  against	  environmental	  changes,	  marine	  species	  may	  have	  to	  adjust	  their	  
physiological	   functions	   associated	  with	  metabolism,	   energy	  production	   and	   allocation,	  
calcification	  and	  stress	   tolerances	   (Parmesan,	  2006;	  Pörtner	  &	  Farrell,	  2008,	  Doney	  et	  
al.,	  2012).	  Usually,	  natural	  ecological	  changes	  occur	  over	  a	  long	  time	  span	  and	  are	  slow	  
enough	  that	  a	  species	  will	  have	  time	  to	  respond	  by	  selecting	  evolutionary	  genotypes	  to	  
tolerate,	  but	   the	  anthropogenic	  driven	  environmental	   changes	  may	  occur	  over	  a	   short	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time	   span	   of	   a	   few	   decades	   that	   the	   evolutionary	   responses	   against	   these	   sudden	  
changes	  might	  be	  too	  late	  for	  long-­‐lived	  species	  or	  those	  who	  lack	  the	  specific	  tolerance	  
characteristics	  (Pörtner	  &	  Farrell,	  2008;	  Hofmann	  &	  Todgham,	  2010;	  Foo	  et	  al.,	  2014).	  
As	  a	  consequence,	  local	  acclimatisation	  may	  act	  as	  a	  short-­‐term	  buffer	  against	  changing	  
environments,	   and	   in	   that	  way	  a	   species	  will	   have	   time	   to	   select	   specific	   evolutionary	  
phenotypes	  or	  genetic	  changes	  for	  next	  generations	  (Hofmann	  &	  Todgham,	  2010;	  Foo	  et	  
al.,	  2014;	  Morley	  et	  al.,	  2016).	  
	  
Increased	   sea	   temperature	   and	   decreased	   pH	   have	   been	   recognized	   as	   important	  
physical	  factors	  that	  may	  push	  species	  to	  their	  extreme	  physiological	  limits	  with	  thermal	  
stress,	   impaired	   calcification	   and	   the	   demography	   and	   interactions	   within	   the	  
community	  altered	   (Pörtner	  &	  Farrell,	  2008;	  Byrne	  et	  al.,	  2011;	  Hofmann	  &	  Todgham,	  
2010).	   As	   seawater	   temperature	   may	   vary	   within	   a	   species	   range,	   populations	   may	  
modify	   their	   thermal	   limits	   to	   local	   temperature	   variables	   through	   local	   acclimation,	  
until	   the	   species	   have	   selected	   suitable	   genetic	   variation	   to	   survive	   (Parmesan,	   2006;	  
Somero,	   2010;	   Hofmann	   &	   Todgham,	   2010).	   Previous	   studies	   showed	   increased	  
temperature	  and	  decreased	  pH	  effects	  on	  marine	  invertebrates	  mainly	  act	  antagonistic	  
in	  the	  early	  development	  (Chen	  &	  Chen,	  1992;	  Sewell	  &	  Young,	  1999;	  Byrne	  et	  al.,	  2011;	  
Peck	   et	   al.,	   2013).	   Acidification	   typically	   resulted	   into	   increased	   mortality,	   increased	  
abnormality	  and	  decreased	  developmental	   rate,	  while	  warming	   increases	   the	  speed	  of	  
developmental	  rate	  and	  increased	  metabolism	  up	  to	  the	  upper	  threshold	  of	  temperature	  
and	   pH	   tolerances.	   These	   responses	   against	   climate	   warming	   have	   been	   observed	   in	  
terrestrial	  animals	  and	  plants,	   and	   these	  characteristics	  are	  often	  seen	   in	  species	  with	  
heat-­‐tolerant	  genotypes	  and	  those	  living	  at	  the	  ranges	  of	  their	  habitat	  or	  in	  an	  area	  with	  
extreme	  variables	  (i.e.	   the	  areas	  around	  the	  equator	  and	  towards	  the	  poleward	  edges)	  
(Parmesan,	  2006;	  Somero,	  2010).	  	  
	  
	  
1.5  Transgenerational adaptations 
	  
Species	   will	   adapt	   their	   tolerance	   to	   climate	   change	   by	   phenotypic	   and	   physiological	  
plasticity	   adaptation	   through	   genetic	   change	   (Smale	   &	   Barnes,	   2008;	   Hofmann	   &	  
Todgham,	  2010;	  Foo	  &	  Byrne,	  2016),	  or	  by	  parents	  through	  transgenerational	  plasticity	  
(TGP)	   in	   which	   the	   adults	   enable	   the	   specific	   acclimatisation	   phenotypes	   for	   their	  
	   7	  
offspring	   during	   their	   reproduction	   cycle	   (Donelson	   et	   al.,	   2011;	   Shama	   et	   al.,	   2014;	  
Morley	  et	  al.,	  2016).	  Aside	  the	  local	  acclimatisation,	  TGP	  is	  considered	  as	  another	  short-­‐
term	  buffer	  against	   climate	  change,	  when	   the	  population	  needs	  extra	   time	   to	   facilitate	  
the	  evolutionary	  adaptations	  (Shama	  et	  al.,	  2014;	  Morley	  et	  al.,	  2016).	  	  
	  
Positive	  effects	  in	  offspring	  development	  by	  TGP	  mechanism	  can	  occur	  when	  the	  parents	  
and	   their	   gametogenic	   development	   are	   exposed	   to	   new	   and	   stressful	   environments	  
(Shama	  et	  al.,	  2014;	  Suckling	  et	  al.,	  2015).	  This	  non-­‐genetic	  phenotypic	  acclimation	  was	  
tested	  on	  the	  F1	  and	  F2	  offspring	  of	  the	  tropical	  damselfish	  Acanthochromis	  polyacanthus	  
parents	  after	  they	  were	  reared	  in	  either	  +1.5°C	  or	  +3.0°C	  above	  ambient	  seawater,	  and	  
the	   performance	   of	   the	   juveniles	   responded	   positive	   to	   warmer	   temperature	   in	   the	  
seawater	   (Donelson	   et	   al.,	   2011).	   In	   addition,	   there	   is	   a	   risk	   that	   a	   species	   will	   have	  
short-­‐term	  reduced	  performance,	  as	  each	  subpopulation	  across	  different	  environments	  
will	  develop	  TGP	  variances	  by	  parents	  being	  exposed	   to	   local	   temperatures	   (Shama	  et	  
al.,	   2014;	  Donelson	   et	  al.,	   2011).	   Shama	   et	  al.	   (2014)	   suggested	   that	   in	   the	   sickleback	  
Gasterosteus	  aculeatus,	  the	  TGP	  traits,	  such	  as	  larger	  sizes	  and	  increased	  heat	  tolerance,	  
were	   maternally	   transmitted	   by	   egg-­‐	   or	   mitochondria-­‐mediated	   mechanisms	   to	   their	  
offspring	  as	  a	   response	  against	  changing	  environments,	  but	   these	  benefits	  were	  at	   the	  
expense	  of	  fitness	  and	  decreased	  hatching	  rate.	  	  
	  
As	  the	  selection	  of	  TGP	  may	  occur	  only	  during	  extreme	  and	  stressful	  situations	  to	  buffer	  
short-­‐term	   effects	   on	   the	   species	   and	   their	   offspring	   until	   genetic	   phenotypes	   are	  
selected	  as	  long-­‐term	  responses,	  the	  ability	  to	  survive	  will	  be	  determined	  by	  both	  non-­‐
genetic	   and	   genetic	   selection	   for	   next	   generations	   (Shama	   et	  al.,	   2014;	   Suckling	   et	  al.,	  
2015).	   Ultimately,	   the	   survival	   of	   a	   population	   depends	   on	   the	   number	   of	   individuals	  
who	  have	   adapted	   to	   the	   changed	  environments	   through	  TGP	  mechanism,	   and	   finally,	  
the	  genetic	  phenotypes	  and	  other	   factors	  will	  determine	   the	  success	  of	   the	  population	  
against	  long-­‐term	  climate	  changes	  (Shama	  et	  al.,	  2014;	  Morley	  et	  al.,	  2016).	  	  
	  
	  
1.6  Ecological changes by climate change  
	  
When	  the	  environmental	  changes	  occur,	  the	  ecological	  system	  will	  change	  by	  invasion	  or	  
migration	   of	   populations,	   extinction,	   changed	   dispersal	   and/or	   interactions	   among	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species	  that	  will	  lead	  to	  new	  marine	  community	  with	  different	  interactions	  (Parmesan,	  
2006;	   Doney	   et	   al.,	   2012).	   The	   greatest	   impacts	   to	   the	   populations	   are	   potentially	  
located	  in	  the	  poles	  where	  the	  polar	  species	  lack	  heat	  shock	  proteins	  and	  heat	  tolerance	  
genes	   due	   to	   their	   isolated	   habitats	   (Peck	   et	   al.,	   2004,	   2009,	   2013)	   and	   in	   tropical	  
species	  already	  living	  near	  their	  thermal	  upper	  limits	  with	  small	  possibility	  to	  adapt	  to	  
new	   environments	   (Byrne,	   2011;	   Doney	   et	   al.,	   2012;	   Hardy	   et	   al.,	   2014).	   Climate	  
warming	   will	   have	   both	   direct	   and	   indirect	   effects	   on	   species	   at	   an	   individual	   and	  
population	   levels.	   While	   the	   direct	   effects	   have	   been	   extensively	   investigated,	   the	  
indirect	   effects	   are	   complex	   to	   study	   due	   to	   the	   effects	   of	   the	   interactions	   among	  
populations	  (Kordas	  et	  al.	  2011;	  Doney	  et	  al.,	  2012).	  	  	  
 
 
1.7  Conclusions and thesis outline 
	  
This	  thesis	  covers	  three	  experiments	  testing	  the	  acclimation	  and	  developmental	  abilities	  
of	  New	  Zealand’s	  sympatric	  sea	  urchins	  (P.	  huttoni	  and	  P.	  novazealandiae)	  and	  Antarctic	  
sea	  stars	  (O.	  validus)	  to	  climate	  change,	  namely	  ocean	  warming	  and	  ocean	  acidification.	  
Sea	  urchins	  and	  sea	  stars	  used	  in	  these	  experiments	  have	  been	  extensively	  studied	  for	  
their	  embryology,	  developmental	  biology	  and	  behavioural	  responses	  to	  climate	  change	  
and	   therefore	  are	   ideal	  model	  organisms	   (i.e.	  McClary,	  1995;	  Clark	  et	  al.,	  2009;	  Byrne,	  
2011;	  Gonzalez-­‐Bernat	   et	  al.,	   2013;	   Peck	   et	  al.,	   2013;	  Karelitz,	   2016).	   The	   phenotypes	  
through	  the	  developmental	  stages	  will	  be	  examined	  as	  a	  measure	  of	  potential	  responses	  
to	  climate	  change.	  	  
	  
The	  aims	  of	  the	  hybridisation	  experiment	  in	  Chapter	  3	  are	  to	  understand	  the	  effects	  of	  
climate-­‐driven	  ocean	  warming	  on	  sea	  urchin	  hybrid	  offspring	  and	  to	  determine	  whether	  
the	  hybrid	  or	  native	  offspring	  will	  out-­‐perform	  the	  other	  in	  response	  to	  global	  warming.	  
As	   the	   stress	   responses	   of	   hybrid	   juveniles	   to	   ocean	   warming	   have	   not	   been	   widely	  
studied	  before,	  there	  are	  three	  potential	  scenarios	  (hypotheses):	  	  
	  (1)	   Native	   and	   hybrid	   sea	   urchin	   offspring	   will	   respond	   similarly	   to	   ocean	  
warming;	  	  
(2)	   Native	   progeny	   will	   perform	   better	   than	   hybrid	   counterparts	   (hybrid	  
depression);	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(3)	  Hybrid	  sea	  urchins	  will	  perform	  better	  than	  native	  offspring	  (hybrid	  heterosis	  
or	  hybrid	  vigour).	  	  
	  
In	   Chapter	   4,	   the	   local	   acclimation	   abilities	   to	   ocean	  warming	   and	   ocean	   acidification	  
will	   be	   examined	   in	   P.	   huttoni	   sea	   urchin	   populations	   from	   two	   different	   geographic	  
locations,	   Fiordland	   and	   Otago	   Shelf.	   Furthermore,	   the	   developmental	   responses	   are	  
accessed	  to	  determine	  whether	  the	  inter-­‐population	  hybrid	  progenies	  have	  inherited	  the	  
acclimation	  abilities	  to	  survive	  in	  the	  changing	  environments.	  The	  following	  hypotheses	  
are:	  	  
(1)	   The	   inter-­‐population	   and	   intra-­‐site	   progenies	   will	   develop	   similarly	   to	  
combined	  ocean	  warming	  and	  ocean	  acidification;	  
(2)	  The	  inter-­‐population	  progenies	  will	  perform	  better	  than	  intra-­‐site	  progenies;	  
(3)	  The	  inter-­‐population	  offspring	  will	  perform	  worse	  than	  intra-­‐site	  offspring.	  	  
	  
In	  Chapter	  5,	  the	  offspring	  of	  sea	  star	  O.	  validus	  will	  be	  tested	  for	  their	  transgenerational	  
plasticity	   (TGP)	   to	  a	   temperature	  range	  of	   -­‐1°C	   to	  10°C	  after	  pre-­‐conditioned	  at	  either	  
0.5°C	   or	   3.5°C	   in	   the	   laboratory	   for	   nine	  months	   prior	   the	   experiment.	   The	   sizes	   and	  
quality	   of	   the	   starfish	   eggs	   will	   be	   measured	   whether	   the	   females	   have	   possible	  
acclimation	   abilities	   against	   increased	   warming.	   Therefore,	   the	   hypothesis	   of	   this	  
experiment	  is:	  
(1)	   Sea	   star	   offspring	   from	   warm-­‐acclimated	   group	   will	   develop	   TGP	   against	  
warming.	  	  
(2)	   Sea	   star	   offspring	   from	   warm-­‐acclimated	   group	   do	   not	   have	   TGP	   against	  
warming.	  	  	  
	  
Chapter	  2	  describes	  the	  detailed	  description	  of	  sea	  urchins	  and	  sea	  star	  and	  the	  general	  
methods	  using	  in	  the	  experiments.	  	  
	  
Chapter	   3	   focuses	  on	  the	  role	  of	  hybridisation	  and	  the	  development	  of	   the	  native	  and	  
hybrid	   offspring	   between	  P.	  huttoni	  and	  P.	  novazealandiae	  sea	   urchins	   as	   response	   to	  
global	  warming.	  	  	  
	  
Chapter	   4	   investigates	   the	   acclimation	   abilities	   of	   P.	   huttoni	   sea	   urchins	   from	   two	  
different	  locations	  (Otago	  Shelf	  and	  Fiordland),	  and	  the	  parental	   influence	  of	  the	  inter-­‐
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populations	   will	   be	   investigated	   for	   their	   possible	   acclimation	   responses	   to	   ocean	  
warming	  and	  ocean	  acidification.	  	  
	  
Chapter	   5	   shows	   the	   results	   of	   the	   egg	   quality	   and	   sizes	   and	   a	   possible	  
transgenerational	  plasticity	  of	  the	  Antarctic	  sea	  star	  O.	  validus	  offspring,	  preconditioned	  
at	  either	  0.5°C	  or	  3.5°C,	  as	  responses	  to	  ocean	  warming	  
	  
Chapter	   6	   covers	   the	   overall	   findings	   of	   the	   three	   different	   experiments	   to	   climate	  






































	   11	  
Chapter 2. General methods 
 
 
2.1  Study species 
	  
2.1.1	  The	  genus	  Pseudechinus	  (Echinoidea:	  Temnopleuridae)	  
	  
Three	   species	   of	   sea	   urchins,	  Pseudechinus	  huttoni	   (Benham,	   1908),	  P.	  novazealandiae	  
(Mortensen,	   1921)	   and	  P.	  albocinctus	  (Hutton,	   1872)	   are	   sympatric	   along	   the	   coast	   of	  
South	   Island,	   southern	   North	   Island	   and	   the	   sub-­‐Antarctic	   Islands	   south	   of	   mainland	  
New	  Zealand	  (Fig.	  2.1).	  The	  depth	  ranges	  of	   the	  species	  ranges	   from	  9	  to	  549	  m	  for	  P.	  
huttoni,	   0	   to	   306	   m	   for	   P.	   novazealandiae	   and	   0	   to	   145	   m	   for	   P.	   albocinctus.	   The	  
temperature	  range	  for	  normal	  development	  of	  P.	  huttoni	  and	  P.	  albocinctus	  is	  between	  7	  
and	   19°C,	   while	   P.	   novazealandiae	  prefer	   to	   develop	   in	   a	   slightly	   colder	   temperature	  
range	   of	   5	   to	   17°C	   (McClary,	   1995).	   Their	   spawning	   times	   are	   partially	   separated	  
temporally,	  but	  do	  overlap	  (McClary	  &	  Barker,	  1998;	  McClary	  &	  Sewell,	  2003).	  The	  most	  
common	   species	   P.	   huttoni	   spawn	   during	   the	   late	   winter	   to	   austral	   summer	   when	  
average	  sea	  temperatures	  are	  10–14°C,	  P.	  albocinctus	  reproduce	  throughout	  the	  year	  at	  
temperatures	   of	   9–14°C	   and	   P.	   novazealandiae	   spawn	   in	   sea	   temperature	   of	   9–11°C	  
during	  the	  winter	  (McClary	  &	  Barker,	  1998;	  McClary	  &	  Sewell,	  2003).	  All	  three	  species	  
have	  planktotrophic	  larvae	  that	  complete	  development	  in	  6-­‐8	  weeks	  (McClary	  &	  Sewell,	  
2003).	  	  
	  
In	  terms	  of	  phylogeny	  (Fig.	  2.2),	  Pseudechinus	  huttoni	  and	  P.	  albocinctus	  are	  thought	  to	  
be	   closest	   related	  with	  a	  Nei’s	   genetic	  distance	  NST	  =	  0.133,	  while	  P.	  novazealandiae	   is	  
relatively	   distant	   from	   those	   species	  with	   similar	   values	   (P.	  huttoni-­‐P.	  novazealandiae	  
NST	  =	  0.446	  and	  P.	  albocinctus-­‐P.	  novazealandiae	  NST	  =	  0.485)	   (Jeffery	  et	  al.,	  2003).	  The	  
only	   distinctive	  morphological	   characteristic	   among	   the	   three	   species	   is	   the	   colour	   of	  
their	   body:	  P.	  huttoni	  has	   a	   predominantly	  white	   body	  while	  P.	  novazealandiae	  and	  P.	  
albocinctus	  have,	  respectively,	  green	  and	  red	  bodies	  (Fig.	  2.3a	  and	  2.3b).	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Figure	   2.1.	   Distribution	   map	   of	   Pseudechinus	   huttoni	   (squares),	   P.	   novazealandiae	  
(crosses)	  and	  P.	  albocinctus	  (filled	  circles)	  around	  the	  New	  Zealand	  coast	  (derived	  and	  
modified	  from	  McClary	  &	  Sewell,	  2003).	  	  
	  
	  
Figure	  2.2.	  The	  phylogenetic	  relationship	  of	  three	  Pseudechinus	  species	  with	  bootstrap	  
support	   percentages	   above	   branches	   that	   indicate	   the	   rate	   of	   support	   between	   taxa	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Figure	   2.3.	   a	   The	   sea	   urchins	   Pseudechinus	   huttoni	   (left,	   white	   body)	   and	   P.	  
novazealandiae	  (right,	  green	  body)	  both	  collected	  from	  Otago	  Shelf,	  New	  Zealand	  (photo	  
credit:	  J.	  Chin)	  and	  b	  the	  third	  sea	  urchin	  P.	  albocinctus	  (photo	  credit:	  M.	  Barker).	  Scale	  
bar	  is	  1	  cm.	  	  
	  
The	   closest	   relationship	   between	   P.	   huttoni	   and	   P.	   albocinctus	   lead	   to	   successful	  
heterospecific	   fertilisation,	   as	   both	   hybrid	   crosses	   are	   capable	   of	   producing	   fertilised	  
eggs	  (McClary	  &	  Barker,	  1998;	  McClary	  &	  Sewell,	  2003).	  Research	  by	  McClary	  &	  Sewell	  
(2003)	  has	  shown	  that	   the	   fertilisation	  rates	  of	  conspecific	  crosses	  of	  P.	  huttoni	  and	  P.	  
albocinctus	  did	  not	  differ	  from	  heterospecific	  crosses	  (P.	  huttoni	  ♀	  x	  P.	  albocinctus	  ♂	  and	  
P.	   albocinctus	   ♀	   x	   P.	   huttoni	   ♂),	   as	   all	   crosses	   resulted	   in	   similar	   high	   percentage	  
fertilisation	   (≥90%).	   The	   conspecific	   cross	   of	   P.	   novazealandiae	   resulted	   in	   85%	  
fertilisation	   success,	   and	   the	   fertilisation	   rates	   of	   heterospecific	   crosses	   of	   P.	  
novazealandiae	   vary	   from	   100%	   (P.	   huttoni	   ♀	   x	   P.	   novazealandiae	   ♂),	   60%	   (P.	  
albocinctus	  ♀	  x	  P.	  novazealandiae	  ♂)	  to	  30%	  (P.	  novazealandiae	  ♀	  x	  P.	  huttoni	  ♂	  and	  P.	  
novazealandiae	   ♀	   x	   P.	   albocinctus	   ♂).	   The	   development	   rate	   during	   earliest	   stages	  
(embryonic	   and	   gastrulation	   stages)	   is	   slowest	   in	   the	   crosses	   of	  P.	   albocinctus	   and	  P.	  
novazealandiae.	  All	  male-­‐female	   intra-­‐specific	   crosses	  will	   grow	  synchronously	   after	  5	  
days	  post-­‐fertilisation	  through	  the	  pluteus	  stage	  up	  to	  competency	  and	  metamorphosis	  
at	  ~56-­‐60	  day	  post-­‐fertilisation	  (McClary	  &	  Sewell,	  2003).	  	  
	  
Settlement	  success	  was	  also	  quantified	   in	  native	  and	  hybrid	  progeny,	   in	  which	   the	  sea	  
urchin	   larva	   completed	   the	  metamorphosis.	   The	   five	   crosses	  P.	  novazealandiae	  ♀	  x	   P.	  
novazealandiae	  ♂,	  P.	  albocinctus	  ♀	  x	  P.	  novazealandiae	  ♂,	  P.	  huttoni	  ♀	  x	  P.	  huttoni	  ♂,	  P.	  
huttoni	  ♀	   x	   P.	   albocinctus	  ♂,	   and	   P.	   albocinctus	  ♀	   x	   P.	   huttoni	  ♂	   had	   similarly	   high	  
settlement	  rates	  of	  60%.	  The	  intra-­‐specific	  cross	  of	  P.	  albocinctus	  had	  lower	  probability	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of	  settlement	  (40%),	  while	  the	  remaining	  inter-­‐specific	  crosses	  P.	  novazealandiae	  ♀	  x	  P.	  
albocinctus	  ♂	  and	  P.	  novazealandiae	  ♀	  x	  P.	  huttoni	  ♂	  resulted	  into	  20%	  settlement	  rates.	  
Only	   the	  cross	  of	  P.	  huttoni	  ♀	   x	  P.	  novazealandiae	  ♂	  would	  not	  complete	  development	  
through	   to	  metamorphosis	   after	   reaching	   the	   6-­‐arm	   pluteus	   stage	   (McClary	  &	   Sewell,	  
2003).	  	  
	  
2.1.2	  Odontaster	  validus	  (Valvatida:	  Odontasteridae)	  	  	  
	  
As	  one	  of	  the	  most	  abundant	  Antarctic	  species,	  the	  asteroid	  Odontaster	  validus	  (Koehler,	  
1906)	   is	   located	   around	   coastal	   Antarctica	   with	   a	   high	   latitude	   distribution,	   a	   depth	  
range	   down	   to	   940	  m,	   and	  within	   an	   average	   sea	   temperature	   range	   of	   -­‐1.9°C	   to	   5°C	  
(Pearse,	   1969;	   Grange	   et	   al.,	   2007;	   Peck	   et	   al.,	   2008)	   (Fig.	   2.4).	   O.	   validus	   is	   a	   key	  
predator/scavenger	   in	   the	   Antarctic	   food	   web	   with	   the	   diet	   varying	   from	   small	  
gastropods	  to	  planktonic	  larvae	  and	  benthic	  algae	  (Pearse,	  1965;	  McClintock	  et	  al.,	  1988;	  
Grange	  et	  al.,	  2007),	  as	  well	  as	  demonstrating	  necrophagy	  and	  coprophagy.	  	  
	  
The	   gametogenic	   cycle	   of	  O.	  validus	   is	   reported	   to	   be	  18-­‐24	  months	  with	  winter/late-­‐
winter	  spawning	  period	  between	  August	  and	  October	  (Pearse,	  1969;	  Kishimoto,	  1998;	  
Grange	   et	   al.,	   2007;	   Gonzalez-­‐Bernat	   et	   al.,	   2013).	   As	   the	   timing	   of	   the	   spawning	  
naturally	   occurs	   within	   sea	   temperatures	   ranging	   between	   -­‐1°C	   to	   4°C,	   their	   optimal	  
thermal	  window	  is	  narrow	  (Grange	  et	  al.,	  2007;	  Gonzalez-­‐Bernat	  et	  al.,	  2013).	  Recently,	  
Karelitz	  et	  al.	   (2017)	   concluded	   the	   thermal	  window	  of	  O.	  validus	  was	  wider	  with	   the	  
upper	  limit	  of	  5.8°C,	  and	  high	  fertilisation	  rates	  of	  71.5	  to	  83%	  in	  the	  range	  of	  -­‐0.5°C	  to	  
10.7°C.	  	  
	  
Many	  Antarctic	  marine	  species	  are	  particularly	  sensitive	  to	  temperature	  variations	  due	  
to	   their	   stenothermal	   state,	   and	   they	   lack	   or	   have	   poor	   adaptation	   capacities	   against	  
increased	  warming	  (Peck	  et	  al.,	  2004,	  2013).	  The	  starfish	  O.	  validus	   is	  one	  of	   the	  more	  
thermal	  tolerant	  polar	  species,	  and	  consequently,	  their	  thermal	  sensitivity	  and	  resilience	  
have	  been	  relatively	  well	  studied	  (Aronson	  et	  al.,	  2007;	  Peck	  et	  al.,	  2008;	  Karelitz	  et	  al.,	  
2017).	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Figure	   2.4	   Antarctic	   sea	   star	   Odontaster	   validus	   photographed	   in	   experimental	  
aquarium	  (photo	  credit:	  J.	  Chin).	  Scale	  bar	  is	  1	  cm.	  	  
	  
	  
2.2  Collection locations and spawning 
	  
	  2.2.1	  Pseudechinus	  sp.	  
	  	  
Pseudechinus	  huttoni	  and	  P.	  novazealandiae	  were	  collected	   from	  62-­‐74	  m	  depth	  on	   the	  
Otago	   Shelf	   (45°46’S,	   170°53’E)	   by	   dredging	   off	   the	   RV	  Polaris	   II	  and	  by	   SCUBA	   from	  
Doubtful	  Sound	  at	  the	  depth	  of	  10-­‐15	  meters	  (45°46.167’S,	  167°09.698’E).	  Animals	  were	  
kept	  in	  flow-­‐through	  tanks	  at	  the	  Portobello	  Marine	  Laboratory,	  Dunedin,	  until	  required	  
for	   spawning.	   The	   sea	   urchin	  P.	  albocinctus	   was	   not	   included	   in	   experiments,	   as	   they	  
were	  not	  found	  on	  the	  Otago	  Shelf	  or	  Fiordland	  during	  dredging	  and	  collecting.	  	  
	  
Ripe	  gametes	  of	  each	  species	  were	  obtained	  by	  spawning	  animals	  with	  an	   injection	  of	  
0.5	  M	  KCl	  using	  techniques	  as	  described	  in	  Lamare	  et	  al.	  (2006	  &	  2007).	  Sperm	  and	  eggs	  
were	  collected	  from	  both	  species	  and	  fertilisations	  were	  undertaken	  in	  500	  mL	  beakers	  
with	   fresh	  0.5	  μm-­‐filtered	   seawater	   (FSW),	  using	   a	   sperm	  concentration	  of	  106	   sperm	  
per	  mL.	  The	  sperm:egg	  ratio	  was	  100:1	  for	  a	  successful	  fertilisation	  and	  15	  minutes	  after	  
fertilisation,	  cultures	  were	  serially	  washed	  with	  FSW	  to	  remove	  excess	  sperm.	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2.2.2	  Odontaster	  validus	  
	  
Odontaster	  validus	  was	  collected	  by	  SCUBA	  and	  air-­‐transported	   from	  McMurdo	  Sound,	  
Antarctica	   to	   the	   Portobello	   Marine	   Laboratory,	   Dunedin,	   New	   Zealand	   by	   Dr.	   Miles	  
Lamare	   in	  November	  2014.	   In	   the	   laboratory,	   the	   sea	   stars	  were	  kept	   in	  an	  ambient	   -­‐
1.2°C	  temperature-­‐controlled	  aquaria	  for	  9	  months,	  until	  divided	  at	  either	  0.5°C	  or	  3.5°C	  
in	  ambient	  filtered	  seawater	  for	  12	  months	  until	  spawning	  (see	  Sparks	  (2017)	  for	  details	  
of	  experimental	  set	  up	  and	  conditions).	  For	  every	  30	  minutes,	  temperature	  was	  logged	  
with	   HOBO	   loggers	   (Onset	   HOBO	   Pendant	   data/alarm	   logger	   64K	   model	   UA-­‐001-­‐64,	  
Massachussetts).	  	  	  
	  
	  
2.3  Thermal blocks  
	  
The	  temperature	  treatments	  were	  achieved	  using	  three	  aluminium	  heat	  blocks	  (length	  =	  
784	  mm,	   height	   =	   60	  mm,	  width	   =	   170	  mm)	  with	   twelve	   evenly	   spaced	  milled	  wells	  
(diameter	  =	  31	  mm,	  depth	  =	  54	  mm)	   in	   four	   rows	   (Pecorino	  et	  al.,	   2013;	  Hardy	  et	  al.,	  
2014;	  Karelitz	  et	  al.,	  2017)	  (Fig.	  2.5	  and	  2.6).	  Temperature	  controlled	  water	  baths	  were	  
connected	   to	   either	   end	   of	   the	   heat	   blocks	   circulating	   cooled	   water	   at	   one	   end	   and	  
heated	  water	  at	  the	  other	  to	  create	  a	  thermal	  gradient.	  45	  mL	  glass	  vials	  were	  placed	  in	  
the	   twelve	   different	   temperature	   levels	   under	   ambient	   pH	   or	   adjusted	   pH	   to	   test	   for	  
their	   responses	   to	   specific	   temperature	   and	   pH.	   Adjusted	   pH	   FSW	   was	   obtained	   by	  
bubbling	  CO2	   in	   the	  ambient	   filtered	  seawater.	  Prior	   to	  and	  after	   the	  experiment,	  each	  
vial	   was	   monitored	   with	   a	   digital	   thermometer	   (DSE,	   Chullora,	   Australia)	   and	   pH	  
spectrophotometrically	  using	  m-­‐cresol	  purple	  (Sigma-­‐Aldrich	  batch	  2302-­‐01-­‐7;	  Dickson	  
et	  al.,	  2007).	  
	  
The	   embryos	   and	   larvae	   were	   reared	   in	   the	   vials	   during	   the	   experiments,	   and	   at	   a	  
specific	  time	  point,	  a	  1	  mL	  subsample	  from	  each	  vial	  was	  collected	  and	  preserved	  in	  5%	  
buffered	  formalin	  in	  a	  1.5-­‐mL	  Eppendorf	  TM	  tube	  for	  later	  classification	  of	  developmental	  
stage.	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Figure	  2.5	  Schematic	  overview	  of	  the	  heat	  blocks	  with	  water	  baths	  connecting	  at	  both	  
ends	   to	   circulate	   cold	   and	  warm	  water	   to	   produce	   a	   thermal	   gradient.	   Each	   row	  with	  
identical	   letter	   acts	   as	   replicate	   for	   a	   specific	   cross	   with	   a	   specific	   treatment	   (e.g.	  
ambient	   seawater	   pH	   versus	   reduced	   seawater	   pH	   during	  Pseudechinus	   experiments)	  
(derived	  and	  modified	  from	  Karelitz,	  2016).	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Figure	   2.6.	   Photograph	   of	   three	   heat	   blocks	   connected	   to	   the	   water	   baths	   (not	  
photographed)	  at	  both	  ends	  for	  the	  experiments	  with	  sea	  urchins	  and	  starfishes	  (photo	  
credit:	  J.	  Chin).	  Scale	  bar	  is	  10	  cm.	  
	  
	  
2.4  Scoring and measuring sea urchin and starfish embryos and 
larvae 
	  
The	   developmental	   stages	   of	   the	   sea	   urchin	   and	   starfish	   embryos	   and	   larvae	   were	  
examined	   under	   a	   compound	   microscope	   fitted	   with	   a	   Pixelink	   digital	   camera.	   The	  
fertilisation	  rate	  was	  determined	  by	  counting	   the	  number	  of	  unfertilised	  and	   fertilised	  
eggs	   in	   each	   cross.	   Each	   developmental	   stage	   was	   classified	   into	   one	   of	   three	   main	  
developmental	  stages:	  embryonic,	  gastrulation	  and	  pluteus	  stages	  in	  the	  sea	  urchins	  and	  
embryonic	   and	   gastrulation	   stages	   for	   the	   starfishes.	   The	   proportion	   of	   abnormally	  
developed	  larvae	  was	  also	  recorded.	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The	  eggs	  were	  measured	   for	   their	  size	  with	   the	  program	   ‘Image	   J’	  version	  1.50a	  (NIH,	  
USA),	  and	  the	  egg	  quality	  (i.e.	  normal	  versus	  poor	  quality)	  was	  also	  visually	  determined	  
by	   round	   and	  mature	   egg.	   The	  morphometrics	   (total	   length,	   body	   length,	   total	  width,	  
stomach	   area	   and	   postoral	   arms)	   for	   pluteus	   larvae	   were	   measured	   to	   determine	  
changes	  in	  size	  and	  shape	  of	  the	  larvae	  among	  treatments	  (Fig.	  2.7).	  The	  stomach	  area	  
(A,	  μm2)	  was	  calculated	  with	  the	  equation	  for	  an	  ellipse	  (2),	  	  
	  
A	  =	  π	  ∙  (0.5	  ∙  SL)	  ∙  (0.5	  ∙  SW)	  	   	   (2)	  
	  
where	  SL	  	  =	  stomach	  length	  (μm)	  and	  SW	  =	  stomach	  width	  (μm).	  
	  
	  
Figure	   2.7.	   A	   Pseudechinus	   huttoni	  pluteus	   larva	   with	  measurements	   for	   total	   length	  
(TL),	  body	  length	  (BL),	  total	  width	  (TW),	  postoral	  arms	  (PO1	  and	  PO2),	  stomach	  length	  
(SL)	  and	  stomach	  width	  (SW).	  Scale	  bar	  is	  50	  μm.	  	  
	  
	  
2.5  Seawater carbonate chemistry analyses 
	  
To	   quantify	   the	   dissolved	   inorganic	   carbon	   (DIC),	   partial	   pressure	   of	   CO2	  (pCO2)	   and	  
saturation	  states	  of	  calcite	  (ΩC)	  and	  aragonite	  (ΩA),	  water	  samples	  were	  collected	  before	  
each	   treatment,	   fixed	   with	   saturated	   mercuric	   chloride	   and	   later	   measured	   for	   total	  
alkalinity	   (TA),	   using	  methods	   described	   in	   Gonzalez-­‐Bernat	   et	  al.	   (2013)	   (Table	   2.1).	  
The	   salinity	   was	   also	   measured	   at	   the	   start	   of	   each	   experiment	   (Table	   2.2).	   In	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combination	  with	  temperature,	  pH(NIST)	  levels	  and	  TA	  (µmol/kg),	  the	  carbonate	  analyses	  
were	  calculated	  with	  the	  software	  ‘CO2SYS’	  version	  1.2	  (Table	  2.2).	  	  
	  
Table	   2.1.	   Carbonate	   chemistry	   of	   experimental	   treatments	   after	  measuring	   for	   total	  
alkalinity	  (TA)	  and	  salinity.	  	  
Target	  pHNIST	   8.1	   7.7	  
TA	  (µmol/kg)	   2300.9	   2242.4	  
Salinity	  (PSU)	   34.5	   34.7	  
	  
Table	   2.2.	   Carbonate	   chemistry	   of	   experimental	   treatments	   (temperature,	   pHNIST,	  
dissolved	   inorganic	   carbon	   (DIC),	   pCO2	   and	   the	   saturation	   states	   of	   calcite	   (WC)	   and	  
aragonite	  (WA))	  calculated	  in	  CO2SYS.	  	  
Target	  temperature	   8°C	   14°C	  	   20°C	  
Target	  pHNIST	   8.1	   7.7	   8.1	   7.7	   8.1	   7.7	  
DIC	  (μmol/kgSW)	   2045.3	   2214.7	   2119.2	   2205.1	   2082.9	   2182.9	  
pCO2	  (μATM)	   441.57	   1184.1	   469.9	   1260.4	   488.8	   1331.4	  
ΩCa	   4.265	   1.134	   3.235	   1.375	   3.843	   1.667	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Chapter 3. Hybridisation as an adaptive response to ocean 
warming: testing temperature stress responses of native 
and hybrid sea urchin (Pseudechinus sp.) progeny 
 
 
3.1  Introduction  
	  
Global	  climate	  warming	  in	  the	  ocean	  is	  expected	  to	  increase	  sea	  temperatures	  2	  –	  4°C	  by	  
2100	  (IPCC,	  2013)	  and	  may	  drive	  the	  expansion	  of	  species	  ranges	  and	  new	  hybridisation	  
zones	   in	  marine	  species,	  potentially	   resulting	   in	   the	  establishment	  of	  new	  populations	  
and	  hybrid	  offspring	   (Gardner,	   1997;	  Hoffmann	  &	  Sgrò,	  2011;	  Hegarty,	   2012;	  Chunco,	  
2014).	   Hybridisation	   may	   influence	   marine	   ecosystems	   in	   a	   number	   of	   ways:	   local	  
species	  may	  become	  extinct	  through	  inbreeding	  depression	  and	  competition	  or	  persist	  
through	   by	   interspecific	   breeding	   (introgression)	   and	   heterosis	   (hybrid	   vigour)	  
(Charlesworth	  &	  Willis,	   2009;	  Kelly	  et	  al.,	   2010;	  Chunco,	   2014).	   The	   effects	   of	   climate	  
changes	   on	   hybridisation	   have	   not	   been	   widely	   considered,	   as	   there	   are	   few	   studies	  
focusing	  on	  this	  process	  (Buggs,	  2007;	  Chunco,	  2014;	  Pfennig	  et	  al.,	  2016;	  Lamare	  et	  al.,	  
in	   press).	   The	   success	   rate	   of	   hybridisation	   depends	   on	   mechanism	   such	   as	   gamete	  
compatibility,	   spawning	   behaviours,	   relative	   fitness	   of	   hybrid	   offspring	   and	   sympatric	  
ecologies	  (McClary	  &	  Sewell,	  2003;	  Lessios,	  2007;	  Zigler	  et	  al.,	  2012;	  Chunco,	  2014).	  The	  
occurrence	  of	  hybridisation	  in	  the	  sea	  is	  thought	  to	  be	  common,	  but	  it	  is	  often	  difficult	  to	  
recognize	   marine	   hybrid	   offspring	   and/or	   hybrid	   zones	   in	   the	   marine	   environment	  
(Gardner,	  1997;	  Kelly	  et	  al.,	  2010;	  Pfennig	  et	  al.,	  2016).	  	  
	  
Climate	   change	   provokes	   three	   major	   responses	   in	   marine	   populations	   globally:	  
extinction,	   physiological	   plasticity,	   evolution	   and/or	   migration	   (Padilla-­‐Gamiño	   et	   al.,	  
2013)	  and	  the	  latter	  may	  also	  result	  in	  formation	  of	  new	  hybrid	  zones	  (Hoffmann	  &	  Sgrò	  
2011;	   Hegarty,	   2012).	   At	   the	   individual	   level,	   physiological	   performance,	  morphology	  
and	   behaviour	   may	   be	   affected	   by	   these	   environmental	   changes	   (Byrne,	   2011).	   Sea	  
urchins	  have	  been	  widely	  used	  as	  model	  organisms	  in	  developmental	  biology	  and	  on	  the	  
effects	  of	  climate	  warming	  studies	  on	  early-­‐life	  history	  processes	  (Lessios,	  2007;	  Clark	  et	  
al.,	  2009;	  Byrne	  et	  al.,	  2010;	  Byrne,	  2011).	  For	  example,	  Rahman	  et	  al.	   (2009)	  showed	  
the	  thermotolerance	  of	  sea	  urchin	  Tripneustes	  gratilla	  juveniles	  was	  stage-­‐dependent,	  as	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embryos	   and	   larvae	   responded	   differently	   to	   increased	   temperatures.	   The	  
thermotolerance	  limits	  will	  be	  affected,	  as	  well	  as	  the	  rate	  of	  development	  and	  growth	  
(Fujisawa	  &	  Shigei,	  1990;	  Sheppard	  Brennand	  et	  al.,	  2010;	  Byrne	  et	  al.,	  2013b).	  Studies	  
on	  the	  thermal	  biology	  of	  echinoid	  development	  have	  largely	  focused	  on	  upper	  thermal	  
limits,	  and	  it	  appears	  that	  moderate	  warming	  (<4	  C)	  is	  tolerated	  by	  the	  developmental	  
stages	  of	  many	  species,	  but	  greater	  warming	  is	  deleterious	  after	  fertilisation	  and	  early-­‐
larval	  stages	  (Byrne,	  2011;	  Hardy	  et	  al.,	  2014).	  	  
	  
In	   this	   study,	   the	   effects	   of	   climate	   warming	   on	   hybrids	   will	   be	   investigated	   in	   two	  
closely	   related	   sea	   urchin	   species	   of	   the	   Pseudechinus	   genus	   that	   share	   sympatric	  
distributions	   (McClary,	   1995;	   McClary	   &	   Sewell,	   2003).	   Several	   Pseudechinus	   species	  
have	   sympatric	   geographic	   distributions	   in	   the	   waters	   around	   New	   Zealand,	   and	  
currently	   there	   is	   no	   observation	   of	   natural	   hybridisation	   among	   those	   sea	   urchins.	  
McClary	   &	   Sewell	   (2003)	   investigated	   hybridisation	   among	   three	   sea	   urchin	   species,	  
Pseudechinus	   huttoni,	   P.	   novazealandiae	   and	   P.	   albocinctus,	   in	   the	   laboratory	   and	  
concluded	   the	   possible	   barriers	   to	   hybridisation	   are	   gamete	   incompatibility	   by	   post-­‐
zygotic	   factors,	   relative	   fitness	   of	   hybrid	   progeny	   and	   different	   reproductive	   cycles.	  
Hybridisation	  between	  two	  sympatric	  sea	  urchins	  Pseudoboletia	  maculata	  and	  P.	  indiana	  
in	   East	   Australia	   investigated	   by	   Zigler	   et	   al.	   (2012)	   and	   Lamare	   et	   al.	   (in	   press)	  
concluded	   that	   natural	   hybridisation	   occurs	   with	   up	   to	   15%	   of	   hybrids	   within	   the	  
studied	   population.	   The	   two	   Pseudoboletia	   species	   have	   high	   gamete	   compatibility,	  
overlapping	  reproductive	  cycles	  and	  environmental	  zones,	  but	  they	  may	  be	  restricted	  by	  
the	   fitness	   of	   progeny	   that	   limit	   the	   geographical	   range	   of	   hybrids	   and	   prevent	  
successful	  hybridisation	  between	   the	   sympatric	   sea	  urchins	  across	   the	  entire	   range	  of	  
the	  species	  (Lamare	  et	  al.,	  in	  press).	  	  
	  
The	   outcomes	   of	   hybridisation	   range	   vary	   from	   hybrid	   depression,	   hybrid	   vigour	  
(heterosis)	  to	  introgression	  among	  species	  by	  inbreeding	  that	  can	  ultimately	  drive	  local	  
extinction	   of	   native	   species	   (Charlesworth	   &	  Willis,	   2009;	   Kelly	   et	   al.,	   2010;	   Chunco,	  
2014).	  Hybridisation	  is	  a	  natural	  process	  that	  can	  contribute	  to	  population	  survival	  and	  
fitness	   by	   enhancing	   evolutionary	   adaptations,	   but	   hybrid	   offspring	   can	   also	   be	  
detrimental	  for	  marine	  species	  by	  shrinking	  and	  replacing	  their	  genome	  and	  population	  
diversity	   (Hoffmann	   &	   Sgrò,	   2011;	   Pfennig	   et	   al.,	   2016).	   Some	   hybrid	   progeny	   will	  
exceed	   their	   parental	   evolutionary	   abilities	   to	   survive	   in	   new	   environments	   (hybrid	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vigour)	  and	  by	  introgression	  where	  the	  F1	  hybrid	  offspring	  will	  backcross	  with	  the	  more	  
abundant	   parental	   species,	   acquiring	   traits	   from	   the	   other	   interspecific	   species	   as	   the	  
result	  (Hoffmann	  &	  Sgrò,	  2011;	  Pfennig	  et	  al.,	  2016).	  By	  backcrossing	  with	  the	  dominant	  
species,	   the	   subordinate	   species	  will	   be	   likely	   to	   go	   extinct,	   as	   observed	   between	   the	  
wintergreens	   Pyrola	   grandiflora	   and	   endangered	   P.	   minor	   after	   hybridisation	   by	  
environmental	  change	  (Hoffmann	  &	  Sgrò,	  2011).	  
	  
Marine	  organisms	  differ	  in	  their	  responses	  to	  the	  effects	  of	  warming	  in	  the	  ocean,	  which	  
can	   be	   relatively	   complex,	   acting	   antagonistically,	   additively	   or	   sympatrically	   (Byrne,	  
2011;	   Kroeker	   et	   al.,	   2013;	   Karelitz	   et	   al.,	   2017).	   A	   significant	   control	   factor	   in	   the	  
potential	  redistribution	  of	  marine	  species	  under	  warming	  is	  the	  thermal	  response	  of	  the	  
early	   developmental	   stages	   of	   marine	   species,	   which	   are	   directly	   affected	   by	  
temperature	   (Byrne,	   2011;	   Pecorino	   et	   al.,	   2013),	   and	   are	   arguably	   the	   life-­‐history	  
stages	  most	   sensitive	   to	  environmental	   change.	  Previous	  hybridisation	  experiments	   in	  
sea	  urchins	  have	   shown	   that	   responses	   in	   the	   offspring	   to	  warmer	   temperatures	  may	  
either	   be	   hybrid	   vigour	   as	   seen	   in	   Echinometra	   sea	   urchin	   juveniles	   showing	   faster	  
growth	   (Rahman	   et	   al.,	   2004)	   or	   hybrid	   depression,	   such	   as	   by	   narrower	   thermal	  
windows	   in	   hybrid	   Pseudoboletia	   larvae	   (Lamare	   et	   al.,	   in	   press).	   This	   latter	   research	  
suggested	   that	   while	   hybrids	   progeny	   survive	   in	   present	   day	   conditions,	   the	   future	  
warming	  may	  reduce	  their	  distributions	  through	  changes	  in	  sea	  temperature.	  	  	  
	  
In	  this	  study,	  the	  potential	  effects	  of	  ocean	  warming	  on	  hybridisation	  outcomes	  will	  be	  
investigated	  in	  two	  closely	  related	  sea	  urchin	  Pseudechinus	  species	  that	  share	  sympatric	  
distributions	  (McClary,	  1995;	  McClary	  &	  Sewell,	  2003).	  Here,	  I	  cross	  the	  two	  species	  and	  
quantify	   the	   response	   of	   the	   offspring	   to	  warming	   in	   terms	   of	   their	   development	   and	  
survival.	   The	   aims	   are	   to	   understand	   the	   potential	   responses	   of	   sea	   urchin	   hybrid	  
offspring	  to	  climate-­‐driven	  ocean	  warming	  and	  assess	  whether	  environmental	  changes	  
may	   favour	   hybrid	   offspring	   over	   native	   species	   in	   near-­‐future	   ocean	   scenarios.	   I	  will	  
test	  three	  scenarios	  (hypotheses)	  related	  to	  these	  questions:	  (1)	  Native	  and	  hybrid	  sea	  
urchin	   offspring	   will	   respond	   similarly	   to	   ocean	   warming;	   (2)	   Native	   progeny	   will	  
perform	   better	   than	   hybrid	   counterparts	   (hybrid	  depression);	   (3)	  Hybrid	   progeny	  will	  
perform	  better	  than	  native	  offspring	  (hybrid	  vigour).	  To	  test	  these	  hypotheses,	  the	  two	  
species	   of	   sympatric	   sea	   urchins,	  P.	  huttoni	  and	  P.	  novazealandiae,	  were	   hybridized	   in	  
the	   laboratory.	  Native	  and	  hybrid	  offspring	  were	  exposed	   to	  environmentally	   relevant	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temperature	   gradients	   (up	   to	   21.1°C)	   in	   heat	   blocks	   and	   the	   fitness	   of	   the	   offspring	  
quantified	   by	   measuring	   survival,	   development,	   growth,	   morphometrics	   and	   their	  
overall	  developmental	  thermal	  windows.	  
	  
	  
3.2  Methods  
	  
3.2.1	  Experimental	  design	  	  
	  
General	   methods	   have	   been	   described	   in	   Chapter	   2,	   and	   an	   overview	   of	   the	   present	  
experiment	   is	   described	   in	   the	   flowchart	   (Fig.	   3.1),	   describing	   the	   protocol	   from	  
collecting	  sea	  urchins	  to	  measuring	  pluteus	  larvae.	  The	  sea	  urchin	  Pseudechinus	  huttoni	  
and	  P.	  novazealandiae	  were	   crossed	   to	   give	   four	   progeny	   groups,	   and	   tested	   for	   their	  
thermal	   resilience.	   The	   morphological	   differences	   among	   pluteus	   larvae	   were	   then	  
compared.	  	  
	  
3.2.2	  Collecting	  sites	  
	  
Adult	   Pseudechinus	   huttoni	   and	   P.	   novazealandiae	   sea	   urchins	   were	   dredged	   from	   a	  
depth	   of	   68	   –	   74	   m	   on	   the	   Otago	   Shelf	   (45°46’S,	   170°53’E),	   New	   Zealand	   by	   the	   RV	  
Polaris	   II	   on	   17	   July	   2015	   (Fig.	   3.2).	   P.	   novazealandiae	   is	   uncommon	   and	   very	   few	  
individuals	   (<10)	   were	   collected	   in	   the	   dredge.	   Collected	   animals	   were	   kept	   in	   flow-­‐
through	   tanks	   at	   the	   Portobello	   Marine	   Laboratory,	   Dunedin,	   until	   required	   for	  
spawning.	   The	   average	  minimum	   and	  maximum	   temperatures	   on	   the	   Otago	   Shelf	   are	  
9°C	  and	  13.5°C,	  respectively	  (Macara,	  2015).	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Figure	   3.1.	   Overview	   of	   the	   experimental	   design	   of	   hybridisation	   experiments	   on	  
Pseudechinus,	   starting	   from	   the	   collection	  of	   sea	  urchins	   through	   to	  morphometrics	   of	  
pluteus	  larvae	  during	  experiment	  with	  temperature	  variables.	  	  
	  
3.2.3	  Fertilisation	  and	  embryo	  cultures	  
	  
Ripe	  gametes	  from	  each	  species	  were	  obtained	  by	  spawning	  two	  P.	  novazealandiae	  sea	  
urchins	  (1	   female	  and	  1	  male),	  and	  five	  P.	  huttoni	  sea	  urchins	  (3	   females	  and	  2	  males)	  
with	  an	  intercoelomic	  injection	  of	  0.5	  M	  KCl	  using	  techniques	  as	  described	  in	  Lamare	  et	  
al.	  (2006	  &	  2007).	  For	  each	  individual,	  sperm	  and	  eggs	  from	  both	  species	  were	  collected	  
in	   250	   mL	   beakers,	   and	   fertilisation	   undertaken	   that	   resulted	   in	   two	   native	   progeny	  
groups	  (P.	  novazealandiae	  ♀	  x	  P.	  novazealandiae	  ♂	  and	  P.	  huttoni	  ♀	  x	  P.	  huttoni	  ♂)	  and	  
two	   hybrid	   offspring	   (P.	   novazealandiae	   ♀	   x	   P.	   huttoni	   ♂	   and	   P.	   huttoni	   ♀	   x	   P.	  
novazealandiae	  ♂).	  Fertilisation	  was	  undertaken	  in	  250	  mL	  beakers,	  using	  a	  final	  sperm	  
Collect	  sea	  urchins	  
Spawning	  
Mix	  sperm	  and	  eggs	  
P.	  novazealandiae♀	  x	  	  
P.	  novazealandiae	  ♂	  
P.	  novazealandiae♀	  x	  	  
P.	  huttoni	  ♂	  
12	  temperature	  variables	  (5.9	  –	  21.1oC)	  
18	  h	  
Collect	  1.5	  mL	  sample	  
Fix	  in	  5%	  buffered	  formalin	  
Developmental	  rate	  
Fertilization	  rate	   Embryonic	  stage	   Gastrulation	  stage	   Pluteus	  stage	  
Morphology	  
Total	  length	   Body	  length	   Total	  width	   Stomach	  area	   Postoral	  arms	  
2	  d	   4	  d	  
P.	  huttoni♀	  x	  	  	  	  	  	  	  	  	  	  	  	  
P.	  novazealandiae	  ♂	  
P.	  huttoni♀	  x	  	  	  	  	  	  	  	  	  	  	  	  
	  P.	  huttoni♂	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concentration	   of	   106	   sperm	   per	   mL.	   At	   15	   minutes	   post-­‐fertilisation,	   cultures	   were	  
serially	   washed	   with	   fresh	   filtered	   seawater	   to	   remove	   excess	   sperm,	   and	   rates	   of	  




Figure	   3.2.	   General	   location	   of	   the	   collection	   site	   of	   Pseudechinus	   huttoni	   and	   P.	  
novazealandiae	  sea	  urchins	  on	  the	  Otago	  Shelf,	  New	  Zealand.	  	  	  
	  
3.2.4	  Thermal	  windows	  
	  
Once	  flushing	  was	  completed,	  30	  mL	  of	  fertilised	  eggs	  were	  distributed	  into	  40	  mL	  vials,	  
at	  a	  concentration	  of	  20	  eggs	  per	  mL.	  The	  vials	  of	  eggs	  were	  then	  placed	  in	  12	  different	  
temperature	  levels	  (Table	  3.1)	  distributed	  along	  the	  thermal	  heat	  block	  (see	  Chapter	  2)	  
to	   test	   for	   their	   responses	   to	   specific	   temperature.	   Each	   vial	   was	   monitored	   with	   a	  
digital	   temperature	   probe	   (DSE,	   Chullora,	   Australia)	   prior	   the	   experiment.	   Due	   to	  
limited	  rows	  on	  the	  heat	  block	  (a	  total	  of	  8	  were	  available),	  each	  specific	  cross	  had	  two	  
vials	  per	  temperature	  treatment,	  which	  acted	  as	  duplicates	  for	  each	  temperature	  level.	  
Sampling	  was	  made	  at	  three	  specific	  time	  points	  (18	  hours,	  48	  hours	  and	  96	  hours	  post-­‐
fertilization),	   predetermined	   to	   cover	   key	   developmental	   stages	   (embryonic,	  
gastrulation	  and	  pluteus	  stages).	  For	  sampling,	  a	  1.5	  mL	  subsample	  of	  larvae	  from	  each	  
duplicate	  was	  collected	  and	  preserved	  in	  5%	  buffered	  formalin	  in	  an	  EppendorfTM	  tube.	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Table	   3.1.	   Twelve	   experimental	   temperature	   variables	   (°C)	   in	   the	   heat	   block	   for	   the	  
hybridisation	  experiments	  with	  Pseudechinus	  huttoni	  and	  P.	  novazealandiae.	  	  
Row	   Temperature	  (°C)	  
1	   5.9	  
2	   7.8	  	  
3	   9.3	  	  
4	   11.0	  	  
5	   12.2	  	  
6	   13.5	  
7	   14.8	  
8	   16.2	  
9	   17.7	  
10	   18.8	  
11	   19.9	  
12	   21.1	  
	  
3.2.5	  Scoring	  and	  measuring	  embryonic	  and	  larval	  development	  
	  
Each	  sampled	  embryo	  and	  larvae	  from	  the	  thermal	  block	  was	  examined	  and	  scored	  into	  
a	   specific	   developmental	   stage	   under	   a	   compound	   microscope	   fitted	   with	   a	   Pixelink	  
digital	  camera	  (Fig.	  3.3).	  Each	  individual	  was	  classified	  into	  one	  of	  three	  developmental	  
stages:	   embryonic	   (fertilised	   egg	   to	   32+-­‐cell),	   gastrulation	   (morula	   to	   gastrula)	   and	  
pluteus	  (prism	  to	  pluteus)	  stages.	  The	  proportion	  of	  abnormally	  developed	   larvae	  was	  
also	   recorded	   (classified	   as	   non-­‐round	   eggs,	   uneven	   division	   during	   embryonic	   stage,	  
deformed	  larvae,	  and	  asymmetrical	  and	  malformed	  postoral	  arm	  sizes).	  
	  
Morphometrics	  (total	  length,	  body	  length,	  total	  width,	  postoral	  arms	  and	  stomach	  area)	  
for	  pluteus	  larvae	  were	  measured	  with	  the	  program	  ‘Image	  J’	  version	  1.50a	  (NIH,	  USA),	  
to	  determine	  changes	  in	  size	  and	  shape	  of	  the	  larvae	  among	  treatments.	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Figure	   3.3.	   Examples	   of	   normal	   development	   from	   fertilised	   egg	   to	   pluteus	   in	   six	  
developmental	   stages	   of	   each	   cross	   (P.	   novazealandiae	   ♀	   x	   P.	   novazealandiae	   ♂,	   P.	  
novazealandiae	  ♀	  x	  P.	  huttoni	  ♂,	  P.	  huttoni	  ♀	  x	  P.	  novazealandiae	  ♂	  and	  P.	  huttoni	  ♀	  x	  P.	  
huttoni	  ♂).	   The	  hybrid	   cross	  P.	  novazealandiae	  ♀	  x	  P.	  huttoni	  ♂	   did	   not	   reach	  pluteus	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3.2.6	  Statistical	  analyses	  
	  
Due	   to	   the	   absence	   of	   P.	   novazealandiae	   on	   the	   Otago	   Shelf,	   this	   study	   contains	  
preliminary	   dataset	   with	   two	   replicates.	   Therefore,	   a	   series	   of	   two-­‐way	   ANOVA	   tests	  
were	  allow	  to	  statistically	  determine	  normal	  developmental	  rates	  in	  embryos	  and	  larvae	  
as	  dependent	  variable,	  with	  temperature	  and	  progeny	  (i.e.	  hybrid	  versus	  pure	  breed)	  as	  
independent	   variables.	   A	   Tukey’s	   HSD	   post	   hoc	   test	   was	   used	   to	   identify	   pairwise	  
differences	   among	   treatment	   levels.	   Percentage	   data	   were	   arcsine-­‐square	   rooted	  
transformed	   and	   tested	   for	   normality.	   Some	   groups	   were	   not	   normally	   distributed	  
(Shapiro-­‐Wilk’s	   test,	   p	   <	   0.050)	   due	   low	   normal	   developmental	   rates	   throughout	  
samplings.	   All	   crosses	   showed	  heterogeneity	   of	   variances	   (p	  <	  0.001)	   over	   three	   time	  
points	   through	   the	   Levene’s	   test	   for	   equality	   of	   variances,	   but	   the	   group	   sample	   sizes	  
were	  equal	  by	  analysing	  about	  30	  eggs	  and	  larvae	  per	  sample.	  Survival	  rates	  with	  0%	  as	  
responses	  were	  removed,	  as	  the	  means	  of	  variance	  would	  be	  zero.	  All	  statistical	  analyses	  
were	  undertaken	  with	  the	  significance	  level	  (α<0.05).	  	  
	  
The	  PERMANOVA	  was	  undertaken	  using	  ‘PRIMER’	  version	  7	  (PRIMER-­‐E	  Ltd,	  Plymouth,	  
United	  Kingdom)	  to	  test	  for	  differences	  in	  larval	  morphology	  among	  progeny	  and	  across	  
the	   temperature	   treatments.	   One	   of	   five	   morphometrics	   with	   strong	   correlation	  
(R2>0.80)	  was	   removed	   from	   the	   dataset,	   as	   seen	   in	   the	   strong	   relationship	   between	  
‘total	   length’	   and	   ‘body	   length’.	   For	   the	   one-­‐way	   ANOVA,	   the	   morphological	  
measurements	   of	   pluteus	   larvae	   reared	   at	   16.2°C	   were	   compared	   and	   tested	   for	  
normality,	  as	  this	  was	  the	  only	  temperature	  variable	  in	  which	  each	  group	  had	  developed	  
pluteus	  larvae.	  Only	  the	  morphological	  measurement	  ‘postoral	  arms’	  of	  both	  groups	  was	  
not	   normally	   distributed	   (Shapiro-­‐Wilk’s	   test,	  p	  <	   0.050)	   due	   to	   variations	   in	   sizes	   of	  
pluteus	   larvae,	   and	   the	  Levene’s	   test	   for	  equality	  of	  variances	   showed	  homogeneity	  of	  
variances	   (p	  >	  0.050).	  The	   statistical	  program	   ‘SPSS’	   version	  24.0	   (IBM	  Corp,	  Armonk,	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3.3  Results 
	  
3.3.1	  Normal	  development	  	  
	  
Generally,	  both	  native	  and	  hybrid	  offspring	  derived	   from	  P.	  huttoni	   eggs	  had	  a	  greater	  
proportion	   of	   normally	   developed	   embryos	   and	   larvae	   over	   all	   three	   sampling	   times	  
with	   an	   average	   of	   74.6%	   and	   64.3%,	   respectively,	   at	   96	   hours	   post-­‐fertilisation	   (Fig.	  
3.4).	  Both	  lineages	  also	  developed	  faster	  from	  the	  gastrulation	  stage	  to	  the	  pluteus	  stage,	  
in	  comparison	  with	  the	  native	  and	  hybrid	  progeny	  derived	  from	  P.	  novazealandiae	  eggs	  
with	   smaller	  proportions	  of	   embryos	  and	   larvae	   (38.6%	  and	  22.9%,	   respectively)	   and	  
slow	   development	   (Fig.	   3.5).	   The	   optimal	   thermal	   windows	   of	   the	   progeny	   with	  
maternal	   P.	   novazealandiae	   sea	   urchins	   started	   to	   narrow	   after	   48	   hours	   post-­‐
fertilisation	  to	  a	  thermal	  limit	  between	  5.9°C	  to	  14.8°C,	  with	  the	  limits	  set	  at	  the	  normal	  
developmental	   rate	  of	  above	  40%	  (Fig.	  3.4).	  Both	  native	  and	  hybrid	  progeny	   from	  the	  
maternal	   P.	   huttoni	   responded	   similarly	   with	   high	   normal	   developmental	   rates	   and	  
similar	   thermal	   windows	   between	   ~8–19°C	   over	   all	   three	   samplings	   (Fig.	   3.4).	  
Furthermore,	  both	  native	  progeny	  had	  higher	  developmental	  rates	   in	  comparison	  with	  
the	  hybrid	  progeny	  through	  maternal	  lineage.	  	  
	  
The	  analysis	  of	  18-­‐hours	  post-­‐fertilisation	  development	  showed	  that	  the	  embryos	  of	  all	  
four	   progenies	   reared	   above	   12°C	   started	   to	   transition	   into	   gastrula	   larvae	   (Fig.	   3.5).	  
Both	   native	   and	   hybrid	  P.	   novazealandiae	   responded	  with	   low	   normal	   developmental	  
rates	   (an	  average	  of	  32.9%	  and	  18.6%,	  respectively)	  with	  a	  peak	  of	  75%	  at	  12.2°C	   for	  
native	   progeny,	   while	   both	  maternal	  P.	   huttoni	  groups	   developed	   similarly,	   with	   high	  
normal	   developmental	   rates	   (an	   average	   of	   70.5%	   for	   native	   progeny	   and	   56.2%	   for	  
hybrid	   progeny,	   respectively)	   (Fig.	   3.5).	   This	   indicated	   that	   the	   temperature	   had	  
significant	   effects	   on	   the	   developmental	   responses	   depending	   on	   maternal	   lineages	  
(F27,63	  =	  3.353,	  p	  =	  0.003)	  (Table	  3.2).	  
	  
This	  trend	  of	  interaction	  effect	  between	  ‘cross’	  and	  ‘temperature’	  continued	  at	  48	  hours	  
post-­‐fertilisation,	   as	   there	   was	   significant	   effect	   in	   developmental	   responses	   (F33,88	   =	  
2.108,	  p	  =	  0.012)	   (Table	   3.2).	   At	   this	   time	  point,	   all	   progeny	   groups	  had	   larvae	   at	   the	  
gastrulation	   stage	   over	   the	   temperature	   gradient,	   but	   the	   larvae	   of	   female	   P.	   huttoni	  
started	   to	   transform	   into	   pluteus	   larvae	   at	   temperatures	   between	   13.5°C	   and	   19.9°C	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(Fig.	  3.5).	  The	  development	   to	  pluteus	   larvae	  of	  both	  maternal	  P.	  huttoni	  groups	  were	  
similar	   as	   the	   previous	   sampling	   with	   an	   average	   of	   69.7%	   for	   native	   progeny	   and	  
63.3%	   for	   hybrid	   progeny,	   but	   the	   development	   to	   pluteus	   larvae	   of	   both	   native	   and	  
hybrid	  P.	  novazealandiae	  increased	  to	  an	  average	  of	  60.8%	  and	  37.7%,	  respectively	  (Fig.	  
3.5).	  	  
At	   the	   96	   hours	   post-­‐fertilisation,	   the	   interaction	   effect	   between	   ‘cross’	   and	  
‘temperature’	  was	  not	  significant	  (F14,39	  =	  2.132,	  p	  =	  0.074)	  (Table	  3.2),	  as	  temperature	  
no	   longer	   affected	   the	   developmental	   responses	   of	   each	   progeny.	   Groups	   with	   same	  
maternal	  gametes	  have	  similar	  thermal	  windows	  set	  at	  this	  phase	  of	  development	  (Fig.	  
3.4).	  Both	  maternal	  P.	  novazealandiae	  offspring	  had	  narrowed	  thermal	  limits	  to	  5.9°C	  to	  
14.8°C	  with	  no	  normal	  larvae	  above	  14.8°C,	  while	  the	  thermal	  windows	  of	  both	  maternal	  
P.	  huttoni	  offspring	   remained	  same	  as	   the	   first	   two	  samplings	   (Fig.	  3.4).	  The	  hybrid	  P.	  
novazealandiae	  had	  very	  few	  normal	  pluteus	  larvae	  at	  this	  time	  point	  (96	  hours)	  (<10%)	  
and	   lowest	   normal	   developmental	   rate	   (22.9%)	   in	   comparison	   with	   other	   progenies	  
(95%	   normality)	   at	   their	   optimal	   thermal	   range	   and	   higher	   developmental	   rates	   of	  
38.6%	  for	  native	  P.	  novazealandiae,	  74.6%	  for	  native	  P.	  huttoni	  and	  64.3%	  for	  hybrid	  P.	  
huttoni	  (Fig.	  3.5).	  	  	  
	  
	  
Figure	   3.4.	   The	   percentage	   (%)	   of	   normal	   developmental	   rates	   of	   four	   Pseudechinus	  
progeny	  (P.	  novazealandiae	  ♀	  x	  P.	  novazealandiae	  ♂,	  P.	  novazealandiae	  ♀	  x	  P.	  huttoni	  ♂.	  
P.	  huttoni	  ♀	  x	  P.	  novazealandiae	  ♂	  and	  P.	  huttoni	  ♀	  x	  P.	  huttoni	  ♂)	  at	  twelve	  temperature	  
levels	  between	  5.9°C	  and	  21.1°C,	  measured	  at	  three	  time	  points	  (18,	  48	  and	  96	  hours).	  
For	  clarity	  in	  the	  figures,	  the	  mean	  and	  standard	  errors	  are	  reported	  in	  appendix	  A.	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Table	   3.2.	  Two-­‐way	  ANOVA	  comparing	  the	  proportion	  of	  normal	  development	  among	  
four	   Psuedechinus	   progeny	   groups	   (P.	   novazealandiae	   ♀	   x	   P.	   novazealandiae	   ♂,	   P.	  
novazealandiae	  ♀	  x	  P.	  huttoni	  ♂,	  P.	  huttoni	  ♀	  x	  P.	  novazealandiae	  ♂	  and	  P.	  huttoni	  ♀	  x	  P.	  
huttoni	  ♂)	  to	  twelve	  temperature	  levels	  between	  5.9°C	  and	  21.1°C	  at	  three	  time	  points	  
(18,	  48	  and	  96	  hours).	  
Sample	  time	   Source	   SS	   DF	   MS	   F	  ratio	   p	  value	  
18	  hours	   Cross	   1.293	   3	   0.431	   10.413	   <0.001	  
	   Temperature	   1.606	   11	   0.146	   3.527	   0.006	  
	   Interaction	   3.748	   27	   0.139	   3.353	   0.003	  
	   Residual	   0.911	   22	   0.041	   	   	  
	   Total	   8.478	   63	   	   	   	  
	  
48	  hours	   Cross	   0.963	   3	   0.321	   4.843	   0.006	  
	   Temperature	   3.081	   11	   0.280	   4.224	   <0.001	  
	   Interaction	   4.612	   33	   0.140	   2.108	   0.012	  
	   Residual	   2.718	   41	   0.066	   	   	  
	   Total	   12.921	   88	   	   	   	  
	  
96	  hours	   Cross	   0.806	   3	   0.269	   6.626	   0.004	  
	   Temperature	   1.361	   6	   0.227	   5.595	   0.003	  
	   Interaction	   1.210	   14	   0.086	   2.132	   0.074	  
	   Residual	   0.648	   16	   0.041	   	   	  
	   Total	   4.399	   39	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Figure	  3.5.	  Normal	  development	  (%)	  of	  each	  Pseudechinus	  progeny	  (P.	  novazealandiae	  
♀	   x	   P.	   novazealandiae	   ♂,	   P.	   novazealandiae	   ♀	   x	   P.	   huttoni	   ♂.	   P.	   huttoni	   ♀	   x	   P.	  
novazealandiae	  ♂	   and	   P.	   huttoni	  ♀	   x	   P.	   huttoni	  ♂)	   in	   three	   stages	   (embryonic	   stage	  
(blank	   box	   with	   solid	   line),	   gastrulation	   stage	   (grey-­‐filled	   box	   with	   mixed	   solid	   and	  
dashed	   line)	   and	   pluteus	   stage	   (striped	   box	   with	   dotted	   line)	   in	   response	   to	   twelve	  
temperature	  levels	  between	  5.9°C	  and	  21.1°C,	  measured	  at	  three	  time	  points	  (18,	  48	  and	  
96	  hours).	  Errors	  bars	  are	  SE.	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3.3.2	  Morphometrics	  	  
	  
Only	  pluteus	  larvae	  from	  both	  maternal	  P.	  huttoni	  crosses	  were	  measured	  and	  analysed	  
for	  morphological	  differences	  between	  native	  and	  hybrid	  offspring,	  and	   to	  see	   if	   these	  
hybrid	  pluteus	  larvae	  developed	  hybrid	  vigour,	  depression	  or	  similar	  as	  native	  offspring.	  
The	   larvae	   from	   these	   two	   crosses	   (P.	   huttoni	  ♀	   x	   P.	   huttoni	  ♂	   and	   P.	   huttoni	  ♀	   x	   P.	  
novazealandiae	  ♂)	   had	   reached	   the	   pluteus	   stage	   at	   96-­‐hours	   post-­‐fertilisation	   from	  
treatments	  between	  12.2°C	  and	  18.8°C,	  while	  the	  native	  cross	  (P.	  novazealandiae	  ♀	  x	  P.	  
novazealandiae	   ♂)	   reached	   the	   early-­‐pluteus	   stage	   and	   the	   hybrid	   cross	   (P.	  
novazealandiae	  ♀	  x	  P.	  huttoni	  ♂)	  did	  not	  develop	  past	  the	  gastrulation	  stage	  at	  this	  time.	  	  
	  
The	   pluteus	   larvae	   were	   measured	   for	   four	   morphological	   dimensions	   (total	   length,	  
body	   length,	   total	   width,	   stomach	   area	   and	   postoral	   arms),	   with	   the	   variable	   ‘body	  
length’	  removed	  due	  strong	  correlation	  with	  the	  other	  variable	  ‘total	  length’.	  	  
	  
The	   PERMANOVA	   test	   revealed	   a	   significant	   two-­‐way	   interaction	   between	   cross	   and	  
temperature	   (F3,189	   =	   1.9755,	   p	   =	   0.044),	   as	   there	   were	   significant	   differences	   in	  
morphological	   dimensions	   between	   crosses	   at	   the	   highest	   temperature	   levels	   (16.2°C,	  
17.7°C	   and	   18.8°C)	   (Table	   3.3	   and	   3.4,	   Fig.	   3.6).	   Furthermore,	   there	  was	   a	   significant	  
difference	   in	  morphology	  between	  pluteus	   larvae	  of	   the	   two	  crosses	   (F1,189	  =	  14.0830,	  
p<0.001)	   (Table	   3.3).	   There	   were	   significant	   differences	   in	   morphology	   among	  
temperature	   levels	   among	   12.2°C	   and	   19.9°C	   (F5,189	   =	   9.3268,	   p<0.001),	   except	   for	  
12.2°C	  with	  the	  rest	  of	  temperature	  variables	  and	  between	  17.7°C	  and	  18.8°C.	  
	  
The	  pluteus	  larvae	  reared	  at	  16.2°C	  were	  compared	  for	  morphological	  differences	  and	  it	  
turned	  out	  the	  hybrid	  progeny	  developed	  significant	  bigger	  stomach	  area	  (F1,59	  =	  60.022,	  
p<0.001)	   (Table	   3.4,	   Fig.	   3.7).	   The	   other	   significant	   morphological	   difference	   was	  
observed	  in	  ‘total	  width	  (F1,59	  =	  5.354,	  p	  =	  0.024),	  due	  to	  big	  variations	  in	  sizes	  of	  native	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Table	   3.3.	   PERMANOVA	   comparing	   the	   morphological	   differences	   between	   pluteus	  
larvae	  of	  two	  Pseudechinus	  progeny	  P.	  huttoni	  ♀	  x	  P.	  huttoni	  ♂	  (n	  =	  134)	  and	  P.	  huttoni	  ♀	  
x	  P.	  novazealandiae	  ♂	  (n	  =	  65)	  among	  six	  temperature	  levels.	  
Source	   df	   SS	   MS	   Pseudo	  F	   Pr(>F)	  
Cross	   1	   52.10	   52.10	   14.0830	   <0.001	  
Temperature	   5	   172.51	   34.50	   9.3268	   <0.001	  
Interaction	   3	   21.92	   7.31	   1.9755	   0.044	  
Residuals	   189	   699.14	   3.70	   	   	  
Total	   198	   990.00	   	   	   	  
	  
	  
Figure	   3.6.	  Nonmetrical	  multidimensional	   scaling	  plot	   for	  morphometrics	  of	  native	  P.	  
huttoni	   ♀	   x	   P.	   huttoni	   ♂	   larvae	   (open	   triangle)	   and	   hybrid	   P.	   huttoni	   ♀	   x	   P.	  
novazealandiae	   ♂	   larvae	   (closed	   triangle)	   over	   six	   temperature	   treatments	   between	  
12.2°C	   (blue)	   and	   18.8°C	   (red)	   with	   a	   temperature	   gradient.	   Body	   measurements	   of	  
pluteus	  larvae	  were	  total	  length	  (TL),	  total	  width	  (TW),	  stomach	  area	  (SA)	  and	  postoral	  
arms	  (PO).	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Table	   3.4.	   One-­‐way	   ANOVA	   comparing	   sizes	   of	   four	  morphological	  measurements	   of	  
pluteus	   larvae	  between	  native	  progeny	  group	   (P.	  huttoni	  ♀	   x	  P.	  huttoni	  ♂)	  and	  hybrid	  
progeny	  group	  (P.	  huttoni	  ♀	  x	  P.	  novazealandiae	  ♂)	  to	  temperature	  variable	  of	  16.2°C.	  	  
Measurement	   Source	   SS	   DF	   MS	   F	  ratio	   p	  value	  
Total	  length	   Cross	   2457.9	   1	   2457.9	   2.747	   0.103	  
	   Residual	   51905.3	   58	   894.9	   	   	  
	   Total	   0.743	   59	   	   	   	  
	   	   	   	   	   	  
Total	  width	   Cross	   2546.6	   1	   2546.6	   5.354	   0.024	  
	   Residual	   27584.8	   58	   475.6	   	   	  
	   Total	   30131.3	   59	   	   	   	  
	   	   	   	   	   	  
Postoral	  arms	   Cross	   0.233	   1	   0.233	   0.002	   0.967	  
	   Residual	   7880.9	   58	   135.9	   	   	  
	   Total	   7881.1	   59	   	   	   	  
	   	   	   	   	   	   	  
Stomach	  area	   Cross	   32302764.4	   1	   32302764.4	   60.022	   <0.001	  
	   Residual	   31214707.0	   58	   538184.6	   	   	  
	   Total	   63517468.4	   59	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Figure	   3.7.	   Four	   morphological	   measurements	   of	   the	   pluteus	   larvae	   from	   two	  
Pseudechinus	   progeny	   P.	   huttoni	   ♀	   x	   P.	   huttoni	   ♂	   (n	   =	   41)	   and	   P.	   huttoni	   ♀	   x	   P.	  
novazealandiae	  ♂	  (n	  =	  18)	  in	  (a)	  total	  length,	  (b)	  total	  width,	  (c)	  postoral	  arms	  and	  (d)	  
stomach	  area	   in	  μm	  at	   the	   temperature	   level	  of	  16.2°C.	  Boxes	  and	  whiskers	   represent	  
median	  morphological	  measurement	  with	  minimum	   and	  maximum	   values	   and	   hinges	  
represent	   25th	   and	   75th	   percentiles.	   Significant	   interaction	   differences	   were	   labelled,	  
with	  ***	  =	  p<0.001,	  **	  =	  p<0.010	  and	  *	  =	  p<0.050.	  	  	  
	  
 
3.4  Discussion 
	  
To	   understand	   the	   role	   of	   hybridisation	   between	   the	   sea	   urchins	   Pseudechinus	  
novazealandiae	   and	   P.	   huttoni	   in	   response	   to	   temperature,	   both	   native	   and	   hybrid	  
offspring	  were	  tested	  for	  their	  survival	  and	  developmental	  responses	  to	  a	  temperature	  
gradient.	  This	  study	  showed	  that	  the	  maternal	  effect	  in	  developmental	  stages	  could	  play	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an	  important	  role	  in	  the	  response	  of	  the	  sea	  urchins	  to	  warming.	  In	  this	  respect,	  the	  first	  
results	   of	   the	   research	   suggests	   both	   native	   and	   hybrid	   offspring	   produced	   from	   P.	  
novazealandiae	  sea	  urchin	  eggs	  have	  narrower	  thermal	  windows	  between	  6–12°C,	  and	  
hybrid	   depression	   occurred	   between	   P.	   novazealandiae	  ♀	   x	   P.	   huttoni	  ♂	   with	   lower	  
normal	  developmental	  rates	  than	  the	  native	  juveniles	  from	  the	  same	  maternal	  eggs.	  The	  
second	  result	  suggests	  that	  there	  were	  similar	  responses	  between	  native	  and	  hybrid	  P.	  
huttoni	  sea	  urchin	  offspring	  in	  terms	  of	  similar	  thermal	  windows	  of	  7–18°C	  and	  normal	  
developmental	  rates.	  	  	  
	  
Both	   crosses	   derived	   from	   female	   P.	   huttoni	   resulted	   in	   a	   consistent	   high	   normal	  
developmental	  rate	  of	  ~60-­‐90%	  over	  all	  time	  points,	  while	  the	  responses	  of	  both	  crosses	  
from	  P.	  novazealandiae	  eggs	  varied	  highly	  from	  10-­‐90%	  normal	  development	  during	  the	  
first	   two	   time	   points.	   However,	   both	   P.	   novazealandiae	   crosses	   had	   higher	   normal	  
responses	  to	  warmer	  temperatures	  above	  16°C	  during	  the	  first	  48	  hours,	  and	  this	  might	  
be	   linked	   to	   protective	  maternal	   effects	   in	   the	   eggs	   (e.g.	   genotypic	   traits	   such	   as	   heat	  
shock	   proteins	   and	   maternal	   acclimatisation)	   suggested	   for	   sea	   urchin	   embryos	   by	  
Hamdoun	  &	  Epel	   (2007),	  Byrne	  et	  al.	   (2009)	   and	  Foo	  et	  al.	   (2012).	   This	   effect	   during	  
early	  development	  was	  similar	  in	  other	  sea	  urchin	  species	  (see	  Byrne,	  2011)	  until	  they	  
reached	  the	  gastrulation	  stage	  where	  the	  increased	  temperature	  had	  effects	  on	  larvae,	  as	  
seen	  in	  the	  developmental	  stages	  of	  Centrostephanus	  rodgersii	  where	  the	  temperature	  of	  
+2-­‐4°C	   had	   effects	   on	   developmental	   responses	   when	   they	   reached	   the	   gastrulation	  
stage	   (Foo	   et	   al.,	   2012).	   The	   responses	   during	   early	   stages	   from	   fertilised	   eggs	   to	  
gastrulation	  stage	  showed	  that	  the	  maternal	  influence	  in	  the	  egg	  was	  strong	  and	  robust	  
over	   thermal	   range	  between	  5.9°C	  and	  21.1°C,	  which	  has	  also	  been	  observed	   in	  many	  
other	  sea	  urchins	  (Fujisawa	  &	  Shigei,	  1990;	  Yamada	  &	  Mihashi,	  1998;	  Byrne,	  2011).	  	  
	  
Echinoderms	  are	  known	  to	  be	  sensitive	  to	  temperature	  changes,	  which	  may	  affect	  their	  
survival	   responses	   during	   the	   early	   life-­‐history	   stages	   (Sewell	   &	   Young,	   1999;	   Byrne,	  
2011).	   McClary	   (1995)	   investigated	   into	   the	   thermal	   windows	   of	   Pseudechinus	   sea	  
urchins,	  and	  it	  turned	  out	  the	  thermal	  range	  of	  P.	  novazealandiae	  was	  narrower	  from	  5-­‐
17°C	   to	   present-­‐day	   6-­‐12°C.	   The	   optimal	   thermal	   windows	   of	   P.	   huttoni	   have	   not	  
changed	   over	   a	   period	   of	   20	   years,	   as	   it	   remained	   between	   7-­‐19°C	   for	   normal	  
development.	  These	  thermal	  windows	  were	  established	  when	  the	  juveniles	  reached	  the	  
pluteus	  stage,	  therefore	  the	  first	  96	  hours	  are	  critical	  for	  development.	  These	  early	  life-­‐
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history	   stages	   are	   the	   bottleneck	   of	   the	   development	   that	  may	   determine	   the	   rate	   of	  
survival	   to	   settlement,	   and	   these	   results	   have	   been	   observed	   in	   several	   studies	   (see	  
Byrne,	  2011;	  Hardy	  et	  al.,	  2014).	  	  
	  
Current	  researches	  use	  intraspecific	  genetic	  analyses	  on	  phenotypic	  plasticity	  and	  heat-­‐
tolerance	  genotypes	  to	  test	  the	  significance	  of	  hybridisation	  to	  climate	  change	  stressors	  
(Parmesan,	   2006;	   Pfennig	  et	  al.,	   2016),	  while	   other	   experiments	   test	   the	   responses	   to	  
increased	   warming	   by	   crossing	   hybridizing	   lineages	   (Lamare	   et	   al.,	   in	   press).	   In	   this	  
study,	   the	   hybrid	  P.	  novazealandiae	  ♀	   x	  P.	  huttoni	  ♂	   progeny	   did	   not	   develop	  well	   in	  
comparison	   with	   the	   other	   hybrid	   cross	   P.	   huttoni	  ♀	   x	   P.	   novazealandiae	  ♂,	   and	   the	  
properties	  of	  embryos	  and	   larvae	  of	   this	  hybrid	  breed	  were	  also	  smallest	  with	  normal	  
developmental	   rate	   of	   22.9%.	   This	   might	   be	   an	   indication	   that	   the	   maternal	  
acclimatisation	   to	   increased	   temperature	   prior	   spawning	   would	   have	   an	   important	  
effect	   on	   the	   phenotypic	   plasticity	   of	   the	   offspring	   (Byrne	   et	  al.,	   2009,	  Donelson	   et	  al,	  
2011;	  Suckling	  et	  al.,	  2015),	  as	  the	  conspecific	  P.	  novazealandiae	  offspring	  also	  reacted	  
with	   low	   developmental	   rates	   throughout	   the	   first	   48	   hours.	   This	   negative	   trait	   was	  
possibly	   passed	   down	   to	   their	   hybrid	   counterparts	   via	  maternal	   adults,	   as	   the	   hybrid	  
breed	  P.	  huttoni	  ♀	  x	  P.	  novazealandiae	  ♂	  developed	  similar	  as	  their	  P.	  huttoni	  conspecific	  
counterparts	  with	  high	  normal	  developmental	  rates.	  The	  rate	  of	  successful	  hybridisation	  
depends	   on	   the	   similarity	   and	   the	   gametic	   compatibility	   between	   two	   interspecific	  
parental	   species	   (McClary	   &	   Sewell,	   2003)	   by	   adaptations	   through	   introgression,	  
exogenous	  selection	   to	  hybrid	  progeny	  and	  minimal	  bindin	  divergence	   (Lessios,	  2007;	  
Zigler	  et	  al.,	  2012;	  Chunco,	  2014).	  On	  the	  other	  hand,	  the	  development	  of	  hybrids	  can	  be	  
negatively	   affected	   by	   genetic	   incompatibility	   and	   deleterious	   mutations	   and	  
recombinant	   genotypes	   (Lessios,	   2007;	   Charlesworth	   &	   Willis,	   2009;	   Pfennig	   et	   al.,	  
2016).	  
	  
Not	   only	   was	   the	   abnormal	   developmental	   rate	   of	   Pseudechinus	   progeny	   affected	   by	  
temperature,	   the	   morphometrics	   of	   larvae	   are	   also	   affected.	   The	   hybrid	   progeny	  
developed	   significant	   enlarged	   stomach	   and	   larger	   postoral	   arms,	   and	   this	   might	   be	  
linked	  to	  the	  greater	  variance	  in	  gene	  expression	  by	  hybridisation	  in	  order	  to	  adapt	  to	  
new	  environments	  until	   the	  optimal	  patterns	  of	  gene	  variations	  are	  selected	  (Hegarty,	  
2012;	   Pfennig	   et	   al.,	   2016).	   These	   particular	   traits	   might	   be	   inherited	   from	   P.	  
novazealandiae,	  although	   it	  was	   not	   possible	   to	   compare	   since	   they	   did	   not	   reach	   the	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pluteus	  stage	  at	  96	  hours	  sampling.	  More	  long-­‐term	  researches	  are	  needed	  to	  know	  how	  
this	  morphological	  difference	  will	  affect	  the	  growth	  and	  development	  of	  the	  hybrids.	  
	  
A	   major	   limitation	   in	   the	   present	   study	   was	   the	   absence	   of	   the	   sea	   urchin	   P.	  
novazealandiae	   around	   the	   Otago	   Shelf	   in	   New	   Zealand	   after	   the	   first	   dredge	   in	   July	  
2015,	   while	   P.	   huttoni	  was	   regularly	   collected	   during	   multiple	   dredges	   in	   the	   period	  
between	  July	  2015	  and	  September	  2016.	   In	  addition,	   the	  third	  sympatric	  sea	  urchin	  P.	  
albocinctus	  was	  not	  seen	  in	  samples	  from	  the	  Otago	  Shelf,	  while	  McClary	  (1995)	  found	  
them	  all	  at	  the	  coast	  of	  New	  Zealand.	  The	  reasons	  of	  their	  absences	  are	  unclear,	  as	  their	  
population	  biology	  has	  not	  been	  investigated.	  Because	  of	   this	   limitation,	  some	  detailed	  
questions	   related	   to	   hybridisation	   and	   hereditary	   traits	   by	   parents	   to	   their	   offspring	  
remain	  unanswered	  until	  more	  researches	  are	  conducted.	  	  	  
	  
Researches	   have	   shown	   that	   hybrids	   may	   have	   higher	   or	   similar	   survival	   rate	   than	  
parental	   species	   in	   habitats	   affecting	   by	   climate	   changes	   (Bates	   et	   al.,	   2013;	   Chunco,	  
2014),	   like	   the	   hybrid	   cross	   P.	   huttoni	  ♀	   x	   P.	   novazealandiae	  ♂ have	   shown	   in	   this	  
preliminary	  study.	  There	  may	  be	  some	  unexpected	  evolutionary	  consequences	  and	  even	  
benefits	   when	   new	   variation	   is	   introduced	   into	   population	   lacking	   adaptive	   potential	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Chapter 4. Local adaptations of sea urchin Pseudechinus 
huttoni progeny to temperature and seawater pH: testing 
stress responses of intra-site and inter-population progeny 
groups from Fiordland and Otago Shelf 
 
4.1  Introduction  
	  
In	  this	  chapter,	  the	  offspring	  of	  Pseudechinus	  huttoni	  from	  two	  locations,	  Fiordland	  and	  
Otago	   Shelf,	   were	   tested	   for	   their	   potential	   responses	   against	   climate-­‐driven	   ocean	  
warming	  and	  ocean	  acidification	  and	   if	   their	   local	  adaptations	  may	  contribute	   to	   their	  
survival	  and	  developmental	  rates.	  The	  subpopulations	  were	  also	  hybridised	  to	  test	  the	  
level	  of	  parental	  influence	  on	  development	  of	  their	  offspring.	  	  
	  
Ocean	  warming	  (IPCC,	  2013)	  and	  ocean	  acidification	  (Orr	  et	  al.,	  2005;	  IGBP	  et	  al.,	  2013)	  
will	   affect	   marine	   populations,	   with	   species	   potentially	   expanding	   or	   reducing	   their	  
ranges	   and	   population	   sizes,	   through	   opening	   or	   loss	   of	   suitable	   habitat,	   competition	  
with	   other	   marine	   species,	   adaptations	   to	   local	   changes	   or	   ultimately	   extinction	  
(Parmesan,	  2006;	  Hoegh-­‐Guldberg	  &	  Bruno,	  2010;	  Foo	  et	  al.,	  2012;	  Lamare	  et	  al.,	  2014).	  
Marine	   invertebrates	   will	   show	   a	   range	   of	   responses	   to	   climate	   stressors	   with	   some	  
species	   benefiting	   while	   others	   may	   suffer	   (Peck	   et	   al.,	   2004;	   Hofmann	   &	   Todgham,	  
2010;	  Kroeker	  et	  al.,	  2013;	  Padilla-­‐Gamiño	  et	  al.,	  2013;	  Chunco,	  2014).	  	  	  
	  
Increased	   sea	   temperatures	   will	   enhance	   growth,	   development	   and	   heat	   sensitivity	  
(Pörtner	  &	  Farrell,	  2008;	  Byrne	  et	  al.,	  2013a),	  while	  the	  decreased	  pH	  in	  seawater	  will	  
negatively	   affect	   reproduction,	   growth	   and	   development	   due	   to	   hypercapnia	   and	  
reduced	   carbonate	   saturation	   states	   (Pörtner	   et	   al.,	   2004;	   Byrne	   et	   al.,	   2009).	   Many	  
marine	  species	  have	  been	  shown	  to	  be	  tolerant	  to	  changing	  environments	  by	  selecting	  
robust	   phenotypes	   and	   adaptations	   (Philippart	   et	   al.,	   2011;	   Foo	   et	   al.,	   2012),	   with	  
environmental	  changes	  influencing	  behaviour,	  physiological	  capacities	  and	  morphology	  
(Byrne,	   2011).	   Species	  with	   dispersive	   larvae	   have	  may	   develop	   subpopulations	  with	  
local	  adaptations	  to	  ambient	   temperature	  and	  pH	  variations,	  and	  these	  responses	  may	  
increase	  the	  chances	  of	  a	  species	  to	  survive	  in	  the	  future	  changing	  conditions	  (Foo	  et	  al.,	  
2012;	  Lamare	  et	  al.,	  2014).	  In	  addition,	  marine	  organisms	  may	  differ	  in	  their	  responses	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to	  the	  combined	  effects	  of	  warming	  and	  acidification	   in	  the	  ocean,	  as	   temperature	  and	  
acidification	  interactions	  can	  be	  relatively	  complex,	  acting	  antagonistically,	  additively	  or	  
sympatrically	  (Byrne,	  2011;	  Kroeker	  et	  al.,	  2013;	  Karelitz	  et	  al.,	  2017).	  	  
	  
A	  significant	  variable	  in	  determining	  the	  geographic	  distribution	  of	  marine	  species	  is	  the	  
early	  developmental	   stages,	  which	   are	   sensitive	   to	   temperature	   and	  pH	   (Byrne,	   2011;	  
Pecorino	   et	   al.,	   2013;	   Uthicke	   et	   al.,	   2013).	   Temperature	   affects	   the	   thermotolerance	  
limits	   and	   the	   rate	   of	   development	   and	   growth	   (Fujisawa	   &	   Shigei,	   1990;	   Sheppard	  
Brennand	   et	   al.,	   2010;	   Byrne	   et	   al.,	   2013a),	   while	   the	   change	   in	   pH	   will	   affect	   the	  
calcification	  of	  the	  echinoderms	  due	  to	  hypercapnia	  (Pörtner,	  2008;	  Byrne	  et	  al.,	  2013b).	  
The	   synergistic	   effect	   between	   temperature	   and	   pH	   has	   not	   been	   extensively	   studied,	  
but	   results	   to	   date	   suggest	   that	   the	   embryos	   reared	   at	   increased	   temperature	   above	  
their	  thermal	  tolerance	  limit	  would	  have	  disrupted	  normal	  development,	  and	  the	  further	  
calcifying	   developmental	   stages	   may	   not	   even	   reached	   (Byrne	   et	   al.,	   2009,	   2013b;	  
Sheppard	   Brennand	   et	   al.,	   2010;	   Padilla-­‐Gamiño	   et	   al.,	   2013).	   Karelitz	   et	   al.	   (2017)	  
investigated	   the	   interactive	   effect	   between	   temperature	   and	   pH	   in	   five	   echinoderm	  
species	  and	  concluded	  the	  acidification	  caused	  slowed	  development,	  but	  with	  no	  effect	  
on	   their	   thermal	   windows.	   Therefore,	   the	   effect	   of	   acidification	   may	   be	   relative	   less	  
important	   than	   temperature,	   as	   increased	   temperature	  primarily	   affects	   the	  biological	  
functions	  and	  thermotolerance	  limits.	  	  	  
	  
Adaptations	  or	  acclimatisation	  as	  responses	  to	  changes	  in	  the	  environment	  is	  a	  natural	  
process,	  but	  the	  present	  rate	  of	  climate	  changes	  is	  occurring	  over	  a	  shorter	  time	  span	  of	  
decades	  to	  centuries	  that	  may	  provoke	  extreme	  responses	  by	  marine	  species	  (Parmesan,	  
2006;	  Hoegh-­‐Guldberg	  &	  Bruno,	  2010;	  Philippart	  et	  al.,	  2011).	  Understanding	  the	  effects	  
of	  climate	  changes	  on	  the	  marine	  ecosystem	  is	  very	  challenging	  due	  to	  the	  complexity	  in	  
the	   oceans.	   One	   way	   to	   examine	   this	   process	   may	   be	   to	   look	   at	   present	   day	   local	  
adaptations	   within	   a	   species	   as	   an	   indication	   of	   the	   potential	   for	   species	   to	   adapt	   to	  
environmental	  differences	  over	   relatively	   short	   time-­‐scales	   (Hoegh-­‐Guldberg	  &	  Bruno,	  
2010;	  Philippart	  et	  al.,	  2011).	  	  
	  
For	  example,	  Hardy	  et	  al.	  (2014)	  compared	  the	  local	  thermal	  tolerance	  of	  the	  sea	  urchin	  
Arachnoides	  placenta	  larvae	  from	  two	  different	  locations,	  between	  Australia	  and	  with	  a	  
population	  previously	  studied	   in	  Taiwan	  by	  Chen	  &	  Chen	  (1992).	  Despite	   their	  similar	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thermal	   upper	   limit	   and	   developmental	   rates,	   the	   thermal	  windows	   of	   the	   Taiwanese	  
population	   was	   narrower,	   with	   the	   upper	   limit	   of	   3°C	   above	   their	   ambient	   seawater	  
temperatures	   of	   28	   -­‐	   31°C,	  while	   the	   Australian	   population	  were	   able	   to	   tolerate	   7°C	  
above	  ambient	  temperatures	  of	  24	  -­‐	  27°C.	  The	  larvae	  from	  Taiwan	  were	  able	  to	  develop	  
above	  31°C,	  although	  the	  survival	  rates	  started	  to	  decline	  at	  this	  point	  and	  the	  pluteus	  
larvae	   developed	   smaller	   with	   shorter	   arms	   (Chen	   &	   Chen,	   1992).	   The	   differences	   in	  
thermal	   thresholds	   between	   the	   populations	   suggest	   that	   the	   local	   adaptations	   have	  
occurred	   with	   the	   Taiwanese	   population	   living	   near	   the	   upper	   thermal	   limits,	   which	  
were	  also	  observed	  in	  many	  tropical	  marine	  species	  (Somero,	  2010;	  Hardy	  et	  al.,	  2014).	  
In	  contrast,	  the	  sea	  urchin	  Centrostephanus	  rodgersii	  populations	  have	  moved	  from	  New	  
South	  Wales	   to	   the	   southern,	   cooler	   areas	   around	  Tasmania	   due	   to	   their	   low	   thermal	  
tolerance	  to	  increased	  temperature	  in	  seawater	  (Ling	  et	  al.,	  2009).	  	  
	  
Previous	  experiments	  have	  shown	  that	  ocean	  warming	  generally	  has	  a	  greater	  effect	  in	  
marine	  species	  than	  does	  ocean	  acidification	  (Byrne,	  2011;	  Kroeker	  et	  al.,	  2013;	  Karelitz	  
et	  al.,	  2017),	  and	  research	  to	  date	  suggests	  that	  some	  species	  may	  survive	  in	  present	  day	  
conditions,	   but	   the	   future	   warming	   may	   restrict	   their	   distribution	   and	   development	  
(Pörtner	   &	   Farrell,	   2008;	   Byrne,	   2011;	   Padilla-­‐Gamiño	   et	   al.,	   2013).	   Furthermore,	  
marine	  species	  may	  either	  adapt	   to	  changing	  environmental	   factors	  or	  move	   to	  cooler	  
climes,	   and	   these	   responses	  will	   affect	   the	   ecological	   system	   and	   thus	   the	   population	  
dynamics	  (Hoegh-­‐Guldberg	  &	  Bruno,	  2010;	  Foo	  et	  al.,	  2012;	  Padilla-­‐Gamiño	  et	  al.,	  2013).	  	  
	  
In	   this	   study,	   I	   tested	   the	   responses	   of	   P.	   huttoni	   offspring	   from	   two	   locations	   to	  
combined	  temperature	  and	  pH	  experiments,	  to	  explore	  if	  there	  are	  spatial	  difference	  in	  
their	  response	  to	  environmental	  conditions,	  and	  if	   they	  have	  developed	  adaptations	  to	  
their	   specific	   thermal	   and	   pH	   environments.	   Sea	   urchins	   have	   been	   widely	   used	   as	  
model	   organisms	   in	   embryology,	   developmental	   biology	   and	   climate	   change	   studies	  
(Clark	  et	  al.,	  2009;	  Byrne	  et	  al.,	  2010;	  Byrne,	  2011),	  and	  therefore	  the	  effects	  of	  climate	  
changes	  on	  the	  development	  will	  be	  investigated	  in	  the	  sea	  urchin	  Pseudechinus	  huttoni	  
from	  two	  different	  locations	  in	  New	  Zealand	  (McClary,	  1995;	  McClary	  &	  Sewell,	  2003).	  	  
	  
The	   specific	   aims	   are	   (1)	   to	   understand	   the	   potential	   responses	   of	   the	   sea	   urchin	   P.	  
huttoni	  offspring	  to	  climate-­‐driven	  ocean	  warming	  and	  ocean	  acidification;	  (2)	  to	  assess	  
whether	   the	   regional	  adaptations	  may	  determine	   the	   survival	   and	  development	  of	   the	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species	   from	   two	   different	   locations	   in	   near-­‐future	   ocean	   scenarios;	   and	   (3)	   to	  
determine,	  through	  hybridisation	  of	  the	  two	  populations,	  the	  roles	  of	  parental	  influence	  
on	   local	   adaptation	   in	   the	   developmental	   stages.	  The	   results	  will	   specifically	   examine	  
selection	   for	   robust	  phenotypes	   through	   the	  early	  developmental	   stages.	  To	   test	   these	  
hypotheses,	   the	   New	   Zealand	   sea	   urchin,	   P.	   huttoni	   was	   crossed	   between	   the	   two	  
populations	  in	  the	  laboratory.	  Intra-­‐site	  and	  inter-­‐population	  offspring	  were	  exposed	  to	  
a	   temperature	   gradient	   between	   7.9°C	   and	   21.8°C	   in	   thermal	   blocks	   and	   ocean	  
acidification	  (ambient	  and	  -­‐0.4	  reductions	  in	  seawater	  pH).	  Fitness	  of	  the	  offspring	  was	  




4.2  Methods  
	  
4.2.1	  Experimental	  design	  
	  
Some	   general	   methods	   are	   described	   in	   the	   Chapter	   2,	   and	   the	   summary	   of	   the	  
experimental	  design	  is	  shown	  in	  the	  flowchart	  (Fig.	  4.1),	  describing	  from	  collecting	  sea	  
urchins	   to	   measurements	   of	   larval	   body	   sizes.	   The	   experiment	   involved	   crossing	  
Pseudechinus	  huttoni	  from	  Fiordland	  and	  Otago	  Shelf	  to	  derive	  all	  four	  progeny	  groups,	  
and	   their	  offspring	  were	   then	   classified	   into	   four	  developmental	   stages	   and	   tested	   for	  
their	   thermal	   windows	   and	   pH	   resilience.	   The	   pluteus	   larvae	   were	   measured	   for	  
morphological	  differences.	  	  
	  
4.2.2	  Collecting	  sites	  
	  
Pseudechinus	  huttoni	  were	  collected	  from	  the	  Otago	  Shelf,	  New	  Zealand	  (45°46’S,	  
170°53’E)	   at	   a	   depth	   of	   62-­‐71	   m	   by	   dredging	   off	   the	   RV	   Polaris	   II	   during	   a	   period	  
between	  March	  and	  September	  2016	  and	  by	  SCUBA	  from	  Doubtful	  Sound,	  New	  Zealand,	  
at	   the	   depth	   of	   10-­‐15	  meters	   (45°46’S,	   167°09’E)	   in	   June	   2016	   (Fig.	   4.2).	   From	   both	  
locations,	  the	  animals	  were	  transported	  to	  Portobello	  Marine	  Laboratory,	  Dunedin,	  and	  
kept	   in	   the	   flow-­‐through	   tanks	   until	   they	   were	   required	   for	   spawning.	   The	   average	  
seawater	  temperature	  of	  Otago	  Shelf	  is	  11.1°C	  with	  maximum	  of	  13.5°C	  and	  minimum	  of	  
	   45	  
9°C	   (Macara,	   2015),	  while	   the	   average	   seawater	   temperature	   in	  Fiordland	  was	  13.4°C	  
with	  maximum	  of	  15.0°C	  and	  minimum	  of	  11.0°C	  (Macara,	  2013).	  
	  
	  
Figure	   4.1.	   Overview	   of	   the	   experimental	   design	   in	   a	   flowchart	   from	   collecting	   sea	  
urchins	  to	  measurements	  of	  sea	  urchin	  pluteus	  larvae	  for	  responses	  to	  temperature	  and	  
pH	  variables.	  	  
	  
Collect	  sea	  urchins	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Mix	  sperm	  and	  eggs	  
Fiordland♀	  x	  	  
Fiordland	  ♂	  
Fiordland♀	  x	  	  
Otago	  ♂	  
pH	  8.1	  seawater	   pH	  7.7	  seawater	  
12	  temperature	  variables	  (7.9	  –	  21.8oC)	  
2	  h	  
Collect	  1.5	  mL	  sample	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  in	  5%	  buffered	  
formalin	  
Developmental	  rate	  
Fertilization	  rate	   Embryonic	  stage	   Gastrulation	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   Pluteus	  stage	  
Morphology	  
Total	  length	   Body	  length	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   Stomach	  area	   Postoral	  arms	  
10	  h	   48	  h	   120	  h	  
Otago♀	  x	  	  	  	  	  	  	  	  	  	  	  	  
Fiordland	  ♂	  
Otago♀	  x	  	  	  	  	  	  	  	  	  	  	  	  
Otago	  ♂	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Figure	  4.2.	  Pseudechinus	  huttoni	  individuals	  were	  collected	  from	  two	  different	  marked	  
areas	  in	  Doubtful	  Sound	  and	  Otago	  Shelf	  in	  New	  Zealand.	  	  
	  
4.2.3	  Fertilisation	  and	  embryo	  cultures	  
	  
For	   each	   specific	   cross,	   three	   vials	   per	   treatment	   level	   acted	   as	   replicates	   for	   each	  
temperature	   level.	   The	   experiments	   on	   P.	   huttoni	   developmental	   stages	   from	   two	  
different	  locations	  (i.e.	  Fiordland	  and	  Otago)	  exposed	  to	  a	  temperature	  gradient	  from	  7.7	  
to	  21.5°C	  (Table	  4.1)	  and	  two	  pH(NIST)	  levels	  (pH	  8.1	  and	  pH	  7.7)	  were	  conducted	  twice.	  
The	   first	   experiment,	   conducted	  on	  1	  November	  2016,	   used	  only	   eggs	   from	  Fiordland	  
fertilised	  with	  sperm	  from	  either	  Fiordland	  or	  Otago,	  while	  the	  second	  experiment	  at	  14	  
November	  2016	  used	  eggs	  from	  Otago	  that	  were	  fertilised	  with	  sperm	  from	  either	  Otago	  
or	  Fiordland	  during	  the	  second	  experiment.	  	  
	  
Sea	  urchins	  were	   spawned	   for	   the	  experiments	  by	  an	   intercoelomic	   injection	  of	  0.5	  M	  
KCl	  using	   techniques	  as	  described	   in	  Lamare	  et	  al.	   (2006	  &	  2007).	   Fertilisations	  were	  
undertaken	  that	  resulted	   in	   two	   intra-­‐site	  progeny	  groups	  (Fiordland	  ♀	  x	  Fiordland	  ♂	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and	  Otago	  ♀	  x	  Otago	  ♂)	  and	  two	  inter-­‐population	  progeny	  groups	  (Fiordland	  ♀	  x	  Otago	  
♂	  and	  Otago	  ♀	  x	  Fiordland	  ♂).	  
	  
The	  eggs	  were	  pooled	  in	  300	  mL	  of	  fresh	  0.22	  μm-­‐filtered	  seawater	  (FSW)	  and	  five	  50	  μl	  
subsamples	   were	   taken	   to	   determine	   the	   egg	   concentration.	   A	   total	   of	   one	   hundred	  
forty-­‐four	   45	   mL	   glass	   vials	   filled	   with	   a	   30	   mL	   of	   filtered	   seawater	   at	   the	   specific	  
temperature	   variable	   in	   the	   heat	   block	   was	   innoculated	   with	   ~2250	   eggs	   and	   pre-­‐
conditioned	   at	   experimental	   temperatures	   for	   an	   hour	   prior	   fertilisation.	   The	   sperm	  
concentration	   in	   stock	   solutions	  was	   determined	   using	   a	   haemocytometer	   and	   sperm	  
pipetted	   to	   the	   vials	   containing	   eggs	   to	   fertilise	   eggs	   at	   a	   final	   concentration	   of	   104	  
sperm	  ml-­‐1.	  The	  fertilised	  eggs	  were	  then	  reared	  for	  120	  hours	  in	  the	  thermal	  blocks.	  	  
	  
Table	  4.1.	  Experimental	  temperature	  levels	  (°C)	  per	  heat	  block	  row	  during	  experiments	  
on	  Pseudechinus	  huttoni	  development.	  	  
Row	   Temperature	  (°C)	  
1	   7.9	  
2	   9.4	  
3	   11.1	  
4	   12.6	  
5	   14.1	  
6	   14.9	  
7	   16.5	  
8	   17.6	  
9	   18.7	  
10	   19.8	  
11	   20.8	  
12	   21.8	  
	  
4.2.4	  Sampling	  and	  embryo	  scoring	  
	  
At	   four	   time	  points	  post-­‐fertilisation	  (2	  hours,	  10	  hours,	  48	  hours	  and	  120	  hours),	  a	  1	  
mL	   subsample	   from	   each	   replicate	   vial	   was	   collected	   and	   preserved	   in	   5%	   buffered	  
formalin	   in	   a	   1.5-­‐mL	   Eppendorf	   TM	   tube	   and	   later	   photographed	   under	   a	   compound	  
microscope	   fitted	   with	   a	   Pixelink	   digital	   camera.	   Initially,	   each	   embryo	   or	   larva	   was	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scored	   into	   one	   of	   seven	   classified	   developmental	   stages:	   egg,	   fertilized	   egg,	   2+-­‐cell,	  
blastula,	   gastrula,	   prism	   and	   pluteus	   (Fig.	   4.3).	   For	   further	   analyses,	   developmental	  
stages	   were	   classified	   into	   one	   of	   three	   main	   developmental	   stages:	   embryonic	  
(fertilised	   egg	   to	   32+-­‐cell),	   gastrulation	   (morula	   to	   gastrula)	   and	   pluteus	   (prism	   to	  
pluteus)	  stages.	  In	  addition,	  the	  abnormal	  embryos	  and	  larvae	  were	  identified	  for	  their	  




Figure	   4.3.	  Overview	  of	  six	  classified	  developmental	  stages	   from	  Pseudechinus	  huttoni	  
fertilised	  egg	  to	  pluteus	  larva.	  Scale	  bar	  is	  50	  μm.	  	  
	  
4.2.5	  Morphometrics	  of	  pluteus	  larvae	  
	  
The	   morphology	   of	   pluteus	   larvae	   was	   determined	   using	   five	   measurements:	   total	  
length,	   body	   length,	   total	   width,	   postoral	   arms	   and	   stomach	   area.	   The	  morphological	  
sizes	  of	  pluteus	   larvae	   from	  each	  group	  rearing	  at	  14.9°C	  were	  compared	   for	   the	   two-­‐
way	   ANOVA	   analysis,	   as	   this	   was	   the	   only	   temperature	   level	   each	   group	   had	   fully	  
developed	  pluteus	   larvae.	  Their	  differences	   in	  morphometrics	  among	   treatments	  were	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4.2.6	  Statistical	  analyses	  
	  
The	   normal	   developmental	   rates	   of	   embryos	   and	   larvae	   as	   dependent	   variable	   were	  
analysed	  by	  series	  of	   three-­‐way	  ANOVA	  tests	  with	  progeny	  (i.e.	   two	   intra-­‐site	  progeny	  
groups	   (Fiordland	  ♀	   x	  Fiordland	  ♂	   and	  Otago	  ♀	   x	  Otago	  ♂)	   and	   two	   inter-­‐population	  
progeny	  groups	  (Fiordland	  ♀	  x	  Otago	  ♂	  and	  Otago	  ♀	  x	  Fiordland	  ♂)),	  temperature	  (12	  
temperature	   levels	   between	   7.9	   to	   21.1°C)	   and	   pH	   (two	   levels	   of	   ambient	   8.1	   and	  
experimental	  7.7)	  as	  independent	  variables.	  Data	  was	  arcsine-­‐square	  root	  transformed	  
and	   tested	   for	   normality,	   and	   several	   groups	  were	   not	   normally	   distributed	   (Shapiro-­‐
Wilk’s	   test,	  p	  <	  0.050)	  due	   to	   low	  normal	  developmental	   rates	  at	   specific	   temperature	  
and	  pH	  variables	  throughout	  samplings.	  A	  Levene’s	  test	  for	  equality	  of	  variances	  showed	  
heterogeneity	  of	  variances	  (p	  <	  0.001)	  over	  four	  time	  points,	  although	  the	  group	  sample	  
sizes	  were	   approximately	   equal	   by	   analysing	   about	   30	   eggs	   and	   larvae	   per	   sample.	   A	  
Tukey’s	  HSD	  post	  hoc	   test	  was	   used	   to	   identify	   pairwise	   differences	   among	   treatment	  
levels.	  Any	  treatments	  where	  survival	  rates	  with	  0%	  were	  removed	  from	  the	  analyses.	  	  
	  
The	   differences	   in	   morphology	   among	   crosses	   in	   responses	   to	   temperature	   and	   pH	  
variables	   were	   analysed	   by	   PERMANOVA	   tests,	   using	   statistical	   program	   ‘PRIMER’	  
version	   7	   (PRIMER-­‐E	   Ltd,	   Plymouth,	   United	   Kingdom).	   Two	   morphometrical	  
measurements	   ‘total	   length’	   and	   ‘body	   length’	   showed	   to	   have	   strong	   correlation	  
(R2>0.80),	   therefore	  the	   ‘body	   length’	  was	  removed	  from	  the	  dataset.	  For	  the	  two-­‐way	  
ANOVA	  of	  pluteus	  larvae	  of	  morphological	  measurements	  at	  14.9°C,	  measurements	  were	  
logarithmic	  transformed	  and	  tested	  for	  normality.	  Only	  the	  morphological	  measurement	  
‘stomach	  area’	  was	  normally	  distributed	  (Shapiro-­‐Wilk’s	  test,	  p	  <	  0.050),	  while	  the	  other	  
morphometrics	  were	  not	  due	  to	  variations	  in	  sizes	  of	  pluteus	  larvae.	  The	  Levene’s	  test	  
for	   equality	  of	   variances	   showed	  homogeneity	  of	   variances	   (p	  >	  0.050),	   except	   for	   the	  
morphological	   measurement	   ‘stomach	   area’	   (p	  =	   0.010).	   All	   statistical	   analyses	   were	  
undertaken	   with	   the	   significance	   level	   (α<0.05)	   using	   the	   statistical	   program	   ‘SPSS’	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4.3  Results 
	  
4.3.1.	  Normal	  development	  	  
	  
Overall,	   the	   four	   crosses	   had	   similar	   trends	   in	   normal	   development	   across	   the	  
temperature	  range	  and	  pH	  levels,	  but	   the	   inter-­‐population	  offspring	  of	  Otago	  eggs	  and	  
Fiordland	  sperm	  had	  a	   lowest	  normal	  developmental	  rate,	  especially	  when	  exposed	  to	  
pH	  7.7	  (Fig.	  4.4).	  Each	  cross	  resulted	  in	  larvae	  with	  different	  thermal	  windows	  and	  also	  
responses	  to	  pH.	  The	  experimental	  pH	  variable	  of	  7.7	  caused	  decreased	  developmental	  
rates	  and	  narrower	  thermal	  windows	  in	  comparison	  with	  development	   in	  the	  ambient	  
pH	   8.1.	   Only	   intra-­‐site	   progeny	   from	   Fiordland	   were	   yielded	   pluteus	   larvae	   over	   the	  
range	   between	   9.4°C	   and	   18.7°C	   at	   both	   pH	   variables,	   while	   the	   inter-­‐population	  
progeny	  using	  Fiordland	  eggs	  and	  Otago	  sperm	  had	  slightly	  narrower	  thermal	  windows	  
between	  11.1°C	  and	  17.6°C	  at	  ambient	  pH	  8.1	  and	  12.6°C	  to	  16.5°C	  at	  experimental	  pH	  
7.7	   (Fig.	   4.5).	   The	   thermal	   window	   of	   the	   inter-­‐population	   progeny	   group	   between	  
female	  Otago	   and	  male	  Fiordland	   sea	  urchins	  was	  between	  12.6°C	   and	  17.6°C	   at	   both	  
ambient	   pH	   8.1	   and	   acidic	   pH	   7.7,	   and	   for	   the	   intra-­‐population	   progeny	   group	   from	  
Otago	  Shelf,	   their	   thermal	  windows	   for	  ambient	  pH	  8.1	  and	  experimental	  pH	  7.7	  were	  
14.1–18.7°C	  and	  11.1–14.9	  °C,	  respectively	  (Fig.	  4.6).	  
	  
At	   the	   2-­‐hours	   post-­‐fertilisation,	   the	   inter-­‐population	   cross	   between	   Otago	   eggs	   and	  
Fiordland	   sperm	   had	   the	   lowest	   normal	   embryonic	   developmental	   rate	   of	   all	   four	  
crosses	  at	  both	  pH	  variables	  (50.4%	  in	  ambient	  seawater	  and	  30.7%	  in	  seawater	  with	  
pH	  7.7),	  with	  this	  cross	  having	  a	  small	  peak	  at	  16.5°C	  (Fig.	  4.4).	  The	  intra-­‐site	  cross	  from	  
Otago	  had	  lower	  normality	  in	  the	  seawater	  with	  pH	  7.7	  (51.5%),	  but	  higher	  normality	  in	  
the	  ambient	  seawater	  (71.8%).	  Both	  intra-­‐site	  Fiordland	  and	  inter-­‐population	  Fiordland	  
had	  similar	  normal	  developmental	  percentages	  with	  67.1%	  and	  65.2%,	  respectively,	   in	  
ambient	   seawater	   of	   pH	  8.1	   and	  both	   crosses	   at	   62.4%	  normality	   in	  pH	  7.7	   seawater.	  
The	  two-­‐way	  interaction	  between	  adult	  cross	  and	  pH	  was	  significant	  (F3,191	  =	  3.336,	  p	  =	  
0.021),	  which	  indicated	  that	  the	  third	  independent	  factor	  ‘temperature’	  did	  not	  have	  any	  
effect	   on	   this	   interaction	   (Table	   4.2).	   All	   crosses	   tended	   to	   gradually	   decline	   in	   the	  
proportion	   of	   normal	   development	  with	  warming	   temperatures,	   but	   normal	   embryos	  
were	  still	  present	  at	  temperature	  levels	  up	  to	  20.8°C	  (Fig.	  4.4).	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Figure	   4.4.	   The	   percentages	   (%)	   of	   normal	   developmental	   rates	   of	   two	   intra-­‐site	  
progeny	  groups	  (Fiordland	  ♀	  x	  Fiordland	  ♂,	  solid	  line	  with	  closed	  circle;	  and	  Otago	  ♀	  x	  
Otago	   ♂,	   solid	   line	   with	   closed	   triangle)	   and	   two	   inter-­‐population	   progeny	   groups	  
(Fiordland	  ♀	  x	  Otago	  ♂,	  dashed	  line	  with	  open	  circle;	  and	  Otago	  ♀	  x	  Fiordland	  ♂,	  dashed	  
line	  with	  open	  triangle)	  at	  twelve	  temperature	  and	  two	  pH	  variables	  between	  7.9°C	  and	  
21.8°C,	  measured	  at	  four	  time	  points	  (2,	  10,	  48	  and	  120	  hours).	  For	  clarity	  in	  the	  figures,	  
the	  mean	  and	  standard	  errors	  are	  reported	  in	  appendix	  B.	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Figure	   4.5.	   Normal	   development	   of	   the	   intra-­‐site	   progeny	   group	   (Fiordland	   ♀	   x	  
Fiordland	  ♂)	  and	  the	  inter-­‐population	  progeny	  group	  (Fiordland	  ♀	  x	  Otago	  ♂)	  in	  three	  
developmental	   stages	   of	  Pseudechinus	  huttoni	   (embryonic	   (blank	   box	  with	   solid	   line),	  
gastrulation	  (grey-­‐filled	  box	  with	  mixed	  solid	  and	  dashed	  line)	  and	  pluteus	  (striped	  box	  
with	   dotted	   line)	   stages)	   in	   response	   to	   twelve	   temperature	   variables	   and	   two	   pH	  
variables	  during	  four	  samplings	  at	  2,	  10,	  48	  and	  120	  hours.	  Errors	  bars	  are	  SE.	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Figure	   4.6.	  Normal	  development	  of	   the	   intra-­‐site	  progeny	  group	  (Otago	  ♀	   x	  Otago	  ♂)	  
and	  the	  inter-­‐population	  progeny	  group	  (Otago	  ♀	  x	  Fiordland	  ♂)	  in	  three	  developmental	  
stages	   of	   Pseudechinus	   huttoni	   (embryonic	   (blank	   box	   with	   solid	   line),	   gastrulation	  
(grey-­‐filled	  box	  with	  mixed	  solid	  and	  dashed	  line)	  and	  pluteus	  (striped	  box	  with	  dotted	  
line)	  stages)	   in	  response	  to	  twelve	  temperature	  variables	  and	  two	  pH	  variables	  during	  
four	  samplings	  at	  2,	  10,	  48	  and	  120	  hours.	  Errors	  bars	  are	  SE.	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Table	  4.2.	  Three-­‐way	  ANOVA	  comparing	  the	  proportion	  of	  normal	  development	  among	  
two	  intra-­‐site	  progeny	  groups	  (Fiordland	  ♀	  x	  Fiordland	  ♂	  and	  Otago	  ♀	  x	  Otago	  ♂)	  and	  
two	  inter-­‐population	  progeny	  groups	  (Fiordland	  ♀	  x	  Otago	  ♂	  and	  Otago	  ♀	  x	  Fiordland	  
♂)	  to	  twelve	  temperature	  variables	  between	  5.9°C	  and	  21.8°C	  and	  two	  pH	  variables	  of	  
8.1	  and	  7.7	  at	  first	  two	  time	  points	  (2	  and	  10	  hours).	  
Sample	  time	   Source	   SS	   DF	   MS	   F	  ratio	   p	  value	  
2	  hours	   Cross	   3.099	   3	   1.033	   66.491	   <0.001	  
	   Temperature	   3.955	   11	   0.360	   23.137	   <0.001	  
	   pH	   0.942	   1	   0.942	   60.607	   <0.001	  
	   Cross*Temperature	   0.440	   33	   0.013	   0.857	   0.693	  
	   Cross*pH	   0.155	   3	   0.052	   3.336	   0.021	  
	   Temperature*pH	   0.156	   11	   0.014	   0.912	   0.530	  
	   Interaction	   0.439	   33	   0.013	   0.856	   0.694	  
	   Residual	   2.968	   191	   0.016	   	   	  
	   Total	   12.193	   286	   	   	   	  
	  
10	  hours	   Cross	   4.289	   3	   1.430	   107.276	   <0.001	  
	   Temperature	   9.157	   11	   0.832	   62.469	   <0.001	  
	   pH	   0.955	   1	   0.955	   71.672	   <0.001	  
	   Cross*Temperature	   1.071	   33	   0.032	   2.434	   <0.001	  
	   Cross*pH	   0.330	   3	   0.110	   8.252	   <0.001	  
	   Temperature*pH	   0.438	   11	   0.040	   2.989	   0.001	  
	   Interaction	   0.643	   32	   0.020	   1.507	   0.050	  
	   Residual	   2.372	   178	   0.013	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Table	  4.3.	  Three-­‐way	  ANOVA	  comparing	  the	  proportion	  of	  normal	  development	  among	  
two	  intra-­‐site	  progeny	  groups	  (Fiordland	  ♀	  x	  Fiordland	  ♂	  and	  Otago	  ♀	  x	  Otago	  ♂)	  and	  
two	  inter-­‐population	  progeny	  groups	  (Fiordland	  ♀	  x	  Otago	  ♂	  and	  Otago	  ♀	  x	  Fiordland	  
♂)	  to	  twelve	  temperature	  variables	  between	  5.9°C	  and	  21.1°C	  and	  two	  pH	  variables	  of	  
8.1	  and	  7.7	  at	  the	  last	  two	  time	  points	  (48	  and	  120	  hours).	  
Sample	  time	   Source	   SS	   DF	   MS	   F	  ratio	   p	  value	  
48	  hours	   Cross	   0.240	   3	   0.080	   4.479	   0.005	  
	   Temperature	   2.109	   10	   0.211	   11.827	   <0.001	  
	   pH	   1.028	   1	   1.028	   57.628	   <0.001	  
	   Cross*Temperature	   1.277	   26	   0.049	   2.755	   <0.001	  
	   Cross*pH	   0.156	   3	   0.052	   2.911	   0.036	  
	   Temperature*pH	   0.183	   10	   0.018	   1.028	   0.423	  
	   Interaction	   0.260	   26	   0.010	   0.561	   0.957	  
	   Residual	   2.693	   151	   0.018	   	   	  
	   Total	   8.933	   230	   	   	   	  
	   	   	   	   	   	   	  
120	  hours	   Cross	   0.478	   3	   0.159	   4.340	   0.006	  
	   Temperature	   1.724	   9	   0.192	   5.221	   <0.001	  
	   pH	   0.255	   1	   0.255	   6.938	   0.010	  
	   Cross*Temperature	   0.822	   24	   0.034	   0.934	   0.557	  
	   Cross*pH	   0.074	   3	   0.025	   0.669	   0.573	  
	   Temperature*pH	   0.335	   9	   0.037	   1.013	   0.434	  
	   Interaction	   0.908	   21	   0.043	   1.179	   0.283	  
	   Residual	   4.219	   115	   0.037	   	   	  
	   Total	   9.077	   185	   	   	   	  
	  
At	  10-­‐hours	  post-­‐fertilisation,	  most	  embryos	  of	  all	  crosses	  had	  reached	  the	  gastrulation	  
stage	   at	  warmer	   temperatures	   (Fig.	   4.5	   and	   4.6).	   The	   inter-­‐population	   cross	   between	  
Otago	  eggs	  and	  Fiordland	  sperm	  produced	  normal	  embryos	  and	  larvae,	  albeit	  at	   lower	  
numbers	  with	  an	  average	  of	  52.7%	  normality	  at	  the	  ambient	  pH	  treatment,	  and	  26.4%	  at	  
pH	  7.7	   (Fig.	   4.4).	   The	   other	   inter-­‐population	   cross	   between	  Fiordland	   eggs	   and	  Otago	  
sperm	   had	   similar	   normal	   developmental	   rates	   at	   both	   pH	   treatments	  with	   76.7%	   in	  
seawater	  of	  pH	  8.1	  and	  72.9%	  in	  pH	  7.7	  (Fig.	  4.4).	  The	  intra-­‐site	  cross	  from	  Otago	  Shelf	  
had	   decreased	   normal	   developmental	   at	   pH	   7.7	   (56.1%)	   in	   comparison	   with	   pH	   8.1	  
	   56	  
(76.0%),	   while	   the	   embryos	   and	   larvae	   produced	   from	   the	   intra-­‐Fiordland	   cross	  
developed	  similar	  in	  both	  pH	  treatments	  (74.1%	  and	  69.6%	  in	  pH	  8.1	  and	  7.7	  seawater,	  
respectively)	   (Fig.	   4.4).	   A	   significant	   three-­‐way	   interaction	   occurred	   among	   cross,	  
temperature	  and	  pH	  (F32,178	  =	  1.507,	  p	  =	  0.050)	  (Table	  4.2),	  as	  both	  temperature	  and	  pH	  
had	   greater	   effects	   on	   the	   developmental	   rate	   of	   each	   cross	   once	   they	   passed	   their	  
embryonic	  stage.	  	  	  
	  
At	   48-­‐hours	   post-­‐fertilisation,	   the	   offspring	   of	   four	   crosses	   responded	   similarly	   to	  
temperature	   at	   pH	   8.1	   treatments	   (77.3-­‐81.2%),	   while	   the	   percentages	   of	   normal	  
development	   	  (60.0-­‐68.8%)	  were	  lower	  at	  the	  experimental	  pH	  treatment	  of	  7.7	  for	  all	  
four	   crosses	   (Fig.	   4.4).	   The	   offspring	   from	   the	   Otago	   eggs	   developed	   slower,	   with	  
embryos	   still	   present	   at	   this	   time.	  This	  was	  especially	   the	   case	   for	   the	   inter-­‐site	   cross	  
between	  Otago	  eggs	  and	  Fiordland	  sperm	  reared	  at	  pH	  7.7,	  and	  only	  gastrulae	  larvae	  of	  
all	   crosses	   reared	   above	   12.6°C	   reached	   the	   pluteus	   stage	   (Fig.	   4.6).	   The	   two-­‐way	  
interaction	   between	   cross	   and	   temperature	   (F26,151	   =	   2.755,	   p<0.001)	   and	   the	   single	  
independent	   variables	   had	   significant	   effects	   on	   the	   development	   (Table	   4.3),	   which	  
indicated	   that	   the	   interactive	   effects	   of	   temperature	   and	   pH	   did	   not	   affected	   the	  
development	  of	  embryos	  and	  larvae.	  	  
	  
At	   120-­‐hours	   post-­‐fertilisation,	   the	   inter-­‐site	   offspring	   from	   the	   female	   Fiordland	   sea	  
urchins	  had	  higher	  normal	  development	  in	  both	  pH	  treatments	  (72.3%	  and	  65.7%	  in	  pH	  
8.1	   and	   7.7	   seawater,	   respectively)	   in	   comparison	  with	   the	   intra-­‐population	   offspring	  
with	  the	  same	  eggs	  (67.8%	  and	  44.0%,	  respectively)	  (Fig.	  4.4).	  Both	  progenies	  produced	  
from	  the	  Otago	  eggs	  had	  similar	  normal	  development	  in	  pH	  8.1	  and	  7.7	  seawater	  (70.3%	  
and	  54.8%,	  respectively)	  (Fig.	  4.4).	  The	  thermal	  windows	  were	  narrower	  in	  the	  progeny	  
produced	  from	  the	  male	  Otago	  sea	  urchins	  down	  to	  18°C	  from	  20°C,	  while	  the	  offspring	  
from	   the	  male	  Fiordland	   invertebrates	  were	  able	   to	  develop	  up	   to	   the	  20°C	   treatment	  
(Fig.	  4.5	  and	  4.6).	  The	  interactions	  among	  cross,	  temperature	  and	  pH	  had	  no	  significant	  
effects	  on	  development,	  and	  the	  only	  significant	  effect	  was	  from	  the	  single	  independent	  
variables	   ‘cross’	   (F3,115	  =	  4.340,	  p	  =	  0.006),	   ‘temperature’	   (F9,115	  =	  5.221,	  p<0.001)	  and	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4.3.2	  Morphometrics	  	  	  
	  
All	  four	  crosses	  reached	  the	  pluteus	  larval	  stage	  by	  the	  final	  sampling,	  and	  the	  prism	  and	  
early-­‐pluteus	  larvae	  were	  excluded	  for	  the	  morphometrical	  analyses.	  The	  pluteus	  larvae	  
development	   varied	   over	   the	   temperature	   gradient,	   and	   only	   the	   14.9°C	   temperature	  
level	   had	  pluteus	   larvae	   from	  all	   four	   crosses.	   The	   optimal	   temperature	   range	   for	   the	  
presence	  of	  pluteus	  larvae	  was	  narrower	  for	  Otago	  pluteus	  larvae	  (14.1°C	  to	  18.7°C)	  in	  
comparison	  with	  the	  Fiordland	  pluteus	  larvae	  (9.4°C	  to	  18.7°C)	  (Fig.	  4.5).	  	  
	  
For	  morphometrical	   analyses,	   only	  measurements	   on	   the	  pluteus	   stage	  were	   included	  
with	   five	  morphological	  measurements	  (total	   length,	  body	   length,	   total	  width,	  postoral	  
arms	  and	  stomach	  area)	  recorded.	  The	  variable	   ‘body	   length’	  was	  removed	  due	  strong	  
correlation	  with	  the	  variable	  ‘total	  length’.	  	  
	  
The	  PERMANOVA	  analysis	   indicated	   a	   significant	   three-­‐way	   interaction	   among	   ‘cross’,	  
‘temperature’	  and	  ‘pH’	  (F8,262	  =	  2.257,	  p	  =	  0.003)	  (Table	  4.4).	  Further	  analyses	  indicated	  
that	   the	   origin	   of	   the	   progeny	   did	   not	   have	   a	   significant	   effect	   on	   other	   independent	  
variables,	  as	  only	  the	  two-­‐way	  interaction	  between	  temperature	  and	  pH	  was	  significant	  
(F6,262	   =	   3.760,	   p<0.001)	   (Table	   4.4).	   From	   the	   single	   variables,	   only	   ‘cross’	   (F3,262	   =	  
11.107,	  p<0.001)	  and	  ‘pH’	  (F1,262	  =	  3.097,	  p	  =	  0.034)	  caused	  significant	  differences	  in	  the	  
morphometrics	  of	  the	  pluteus	  larvae	  (Table	  4.4	  and	  Fig.	  4.7).	  	  	  	  
	  
To	   compare	   the	   differences	   in	   morphology	   among	   the	   pluteus	   larvae	   groups,	  
measurements	   were	   compared	   for	   larvae	   reared	   at	   an	   ambient	   temperature	   variable	  
14.9°C.	   The	   two-­‐way	   ANOVA	   showed	   significant	   differences	   in	   sizes	   among	   pluteus	  
larvae	   as	   responses	   to	   cross	   and	   pH	   variables	   for	   three	  morphological	  measurements	  
(total	   length	   (F3,155	   =	   4.746,	   p	   =	   0.003),	   total	   width	   (F3,155	   =	   10.551,	   p<0.001),	   and	  
stomach	   area	   (F3,155	   =	   12.921,	   p<0.001))	   (Table	   4.5	   and	   Fig.	   4.8).	   The	   fourth	  
measurement	  ‘postoral	  arms’	  did	  not	  have	  significant	  interaction	  effect	  (F3,155	  =	  2.571,	  p	  
=	   0.056),	   but	   both	   single	   independent	   variables	   ‘cross’	   and	   ‘pH’	   showed	   interaction	  
differences	   in	   length	   of	   arms	   (F3,155	   =	   5.926,	   p	  =	   0.001	   and	   F1,155	   =	   22.949,	   p<0.001)	  
(Table	   4.5).	   Only	   the	   intra-­‐site	   population	   Fiordland	  ♀	   x	   Fiordland	  ♂	   had	   significant	  
differences	   to	   the	   other	   progeny	   groups	   Fiordland	  ♀	   x	   Otago	  ♂ (p<0.001),	   Otago	  ♀	   x	  
Fiordland	  ♂	  (p	  =	  0.001)	  and	  Otago	  ♀	  x	  Otago	  ♂	  (p	  =	  0.001)	  	  (Table	  4.5).	  	  Generally,	  the	  
	   58	  
pluteus	  larvae	  reared	  at	  the	  ambient	  pH	  8.1	  were	  larger	  than	  those	  in	  the	  near	  future	  pH	  
7.7,	  but	  the	  pluteus	  larvae	  of	  the	  inter-­‐population	  progeny	  Fiordland	  ♀	  x	  Otago	  ♂	  had	  a	  
greater	  width	  and	  stomach	  area	  after	  being	  reared	  in	  the	  acidic	  environment	  (Fig.	  4.8).	  
Intra-­‐site	  offspring	  were	   larger	   than	   inter-­‐population	  offspring,	  and	   the	  pluteus	   larvae	  
from	  Fiordland	  were	  the	  largest	  of	  all	  progeny.	  The	  larvae	  fertilised	  from	  the	  Fiordland	  
eggs	   in	   inter-­‐population	  cross	  with	  Otago	  sperm	  were	   larger	   than	   the	   larvae	   fertilised	  
from	  Otago	  eggs	  and	  Fiordland	  sperm	  (Fig.	  4.8).	  	  
	  
Table	  4.4.	  PERMANOVA	  comparing	  the	  morphological	  differences	  among	  pluteus	  larvae	  
of	   two	   intra-­‐site	  progeny	  groups	   (Fiordland	  ♀	   x	  Fiordland	  ♂	   and	  Otago	  ♀	   x	  Otago	  ♂)	  
and	   two	   inter-­‐population	   progeny	   groups	   (Fiordland	   ♀	   x	   Otago	   ♂	   and	   Otago	   ♀	   x	  
Fiordland	  ♂)	  to	  eight	  temperature	  (9.4°C	  to	  18.7°C)	  and	  two	  pH	  variables.	  	  
Source	   df	   SS	   MS	   Pseudo	  F	   Pr(>F)	  
Cross	   3	   102.08	   34.025	   11.107	   <0.001	  
Temperature	   7	   32.684	   4.669	   1.524	   0.086	  
pH	   1	   9.486	   9.486	   3.097	   0.034	  
Cross*Temperature	   12	   41.731	   3.478	   1.135	   0.286	  
Cross*pH	   3	   17.752	   5.917	   1.932	   0.058	  
Temperature*pH	   6	   69.113	   11.519	   3.760	   <0.001	  
Interaction	   8	   55.312	   6.914	   2.257	   0.003	  
Residuals	   262	   802.62	   3.063	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Figure	  4.7.	  Nonmetrical	  multidimensional	  scaling	  plot	  for	  morphometrics	  of	  two	  intra-­‐
site	  progeny	  groups	  (Fiordland	  ♀	  x	  Fiordland	  ♂;	  closed	  triangle	  and	  Otago	  ♀	  x	  Otago	  ♂;	  
closed	  circle)	  and	   two	   inter-­‐population	  progeny	  groups	   (Fiordland	  ♀	   x	  Otago	  ♂;	   open	  
triangle	   and	   Otago	  ♀	   x	   Fiordland	  ♂;	   open	   circle)	   over	   eight	   temperature	   treatments	  
between	  9.4°C	  and	  18.7°C	  and	  two	  pH	  variables	  of	  8.1	  and	  7.7.	  Body	  measurements	  of	  
pluteus	  larvae	  were	  total	  length	  (TL),	  total	  width	  (TW),	  stomach	  area	  (SA)	  and	  postoral	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Table	   4.5.	   Two-­‐way	  ANOVA	   comparing	   sizes	   of	   four	  morphological	  measurements	   of	  
pluteus	  larvae	  among	  two	  intra-­‐site	  progeny	  groups	  (Fiordland	  ♀	  x	  Fiordland	  ♂	  (n	  =	  and	  
Otago	  ♀	  x	  Otago	  ♂)	  and	  two	   inter-­‐population	  progeny	  groups	  (Fiordland	  ♀	  x	  Otago	  ♂	  
and	  Otago	  ♀	  x	  Fiordland	  ♂)	  to	  temperature	  variable	  of	  14.9°C	  and	  2	  pH	  variables	  of	  8.1	  
and	  7.7.	  	  
Measurement	   Source	   SS	   DF	   MS	   F	  ratio	   p	  value	  
Total	  length	   Cross	   0.064	   3	   0.021	   7.155	   <0.001	  
	   pH	   0.098	   1	   0.098	   32.625	   <0.001	  
	   Interaction	   0.043	   3	   0.014	   4.746	   0.003	  
	   Residual	   0.464	   155	   0.003	   	   	  
	   Total	   0.743	   162	   	   	   	  
	   	   	   	   	   	  
Total	  width	   Cross	   0.128	   3	   0.043	   10.009	   <0.001	  
	   pH	   0.021	   1	   0.021	   4.884	   0.029	  
	   Interaction	   0.135	   3	   0.045	   10.551	   	  <0.001	  
	   Residual	   0.663	   155	   0.004	   	   	  
	   Total	   0.938	   162	   	   	   	  
	   	   	   	   	   	  
Postoral	  arms	   Cross	   0.267	   3	   0.089	   5.926	   0.001	  
	   pH	   0.345	   1	   0.345	   22.949	   <0.001	  
	   Interaction	   0.116	   3	   0.039	   2.571	   0.056	  
	   Residual	   2.328	   155	   0.015	   	   	  
	   Total	   3.383	   162	   	   	   	  
	   	   	   	   	   	   	  
Stomach	  area	   Cross	   0.205	   3	   0.068	   7.406	   <0.001	  
	   pH	   0.102	   1	   0.102	   11.089	   0.001	  
	   Interaction	   0.358	   3	   0.119	   12.921	   <0.001	  
	   Residual	   1.432	   155	   0.009	   	   	  
	   Total	   2.211	   162	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Figure	   4.8.	   Four	   morphological	   measurements	   of	   the	   pluteus	   larvae	   from	   four	  
Pseudechinus	   huttoni	  progeny	   groups	   in	   (a)	   total	   length,	   (b)	   total	   width,	   (c)	   postoral	  
arms	   and	   (d)	   stomach	   area	   in	   μm	   at	   a	   temperature	   treatment	   of	   14.9°C	   and	   pH	  
treatments	  of	  ambient	  pH	  8.1	   (open	  box)	  and	  experimental	  pH	  7.7	   (grey	  shaded	  box).	  
Boxes	  and	  whiskers	  represent	  median	  morphological	  measurement	  with	  minimum	  and	  
maximum	  values	  and	  hinges	  represent	  25th	  and	  75th	  percentiles.	  Significant	  interaction	  
differences	  were	  labelled,	  with	  ***	  =	  p<0.001,	  **	  =	  p<0.010	  and	  *	  =	  p<0.050.	  	  	  
	  
	  
4.4  Discussion 
	  
The	   effects	   across	   the	   life	   history	   stages	   by	   increased	   temperature	   and	   decreased	   pH	  
may	   differ	   through	   time	   depending	   the	   life-­‐history	   stage	   and	   synergistic	   interactions	  
among	  the	  variables	  (Smale	  &	  Barnes,	  2008;	  Byrne,	  2011;	  Karelitz	  et	  al.,	  2017).	   In	  this	  
study,	  the	  stress	  responses	  of	  the	  sea	  urchin	  Pseudechinus	  huttoni	  offspring	  derived	  from	  
two	   populations,	   i.e.	   Fiordland	   and	   Otago,	   in	   New	   Zealand	   were	   mainly	   affected	   by	  
temperature	   through	   a	   distinct	   thermal	   window	   for	   normal	   development	   of	   embryos	  
and	  larvae,	  and	  by	  pH	  reducing	  the	  developmental	  rate.	  The	  inter-­‐population	  sea	  urchin	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offspring	  between	  female	  Otago	  and	  male	  Fiordland	  had	  the	  lowest	  normal	  development	  
at	  both	  pH	  variables.	  The	  hybridisation	  between	  the	  sea	  urchins	  from	  two	  locations	  did	  
not	   select	   acclimatisation	   abilities	   of	   parents	   to	   the	   environmental	   changes,	   as	   the	  
offspring	   developed	   narrower	   thermal	   windows	   and	   reducing	   normal	   developmental	  
rates	  in	  comparison	  with	  the	  offspring	  of	  intra-­‐site	  groups.	  Moreover,	  the	  pluteus	  larvae	  
of	  both	   inter-­‐population	  crosses	  developed	  smaller	  morphological	  sizes	   in	  comparison	  
with	  their	  maternal	  intra-­‐site	  siblings.	  	  
	  
The	  responses	  to	  temperature	  and	  pH	  varied	  among	  crosses,	  but	  the	  significant	  effects	  
of	   this	   three-­‐way	   interaction	   occurred	   only	   during	   10-­‐hours	   post-­‐fertilisation.	   At	   that	  
point,	  most	  embryos	  were	  in	  transition	  from	  embryonic	  stage	  to	  gastrulation	  stage	  with	  
irregular	   developmental	   rates	   to	   temperature	   and	   pH.	   The	   fertilisation	   and	   early	  
embryonic	  stages	  are	  generally	  robust	  to	  decreased	  pH	  7.7,	  and	  this	  may	  be	  linked	  to	  the	  
low	  internal	  pH	  7.6	  in	  the	  sperm	  of	  the	  echinoderms	  (Hamdoun	  &	  Epel,	  2007;	  Byrne	  et	  
al.,	  2009).	  Fertilisation	  rate	  was,	  however,	  not	  an	  indication	  of	  the	  further	  performance	  
to	   the	   gastrulation	   stage,	   as	   the	   later	   embryos	   had	   clear	   differences	   in	   their	   thermal	  
tolerance	   limits.	  All	  P.	  huttoni	   larvae	  had	  similar	   responses	   to	   temperature	  variable	   in	  
terms	  of	  a	   thermal	  window,	  but	   the	  percentage	  of	  developmental	   success	   to	  pH	   levels	  
varied	  among	  progeny.	  In	  particular,	  the	  offspring	  of	  female	  Otago	  sea	  urchins	  had	  low	  
development	   success	   to	   decreased	   pH.	   These	   developments	   are	   caused	   by	   a	   possible	  
combination	  of	  genotypic	  characteristics	  and	  phenotypic	  plasticity	   that	  starts	  with	   the	  
life	  history	  and	  diet	  of	  a	  female	  sea	  urchin	  during	  the	  development	  of	  oocytes,	  while	  the	  
characteristics	   of	   a	   male	   indicates	   genotypic	   effects	   (Foo	   et	   al.,	   2012,	   2014).	   The	  
successful	   fertilisation	   depends	   on	   the	   compatibility	   of	   the	   protein	   bindin	   attachment	  
between	   an	   egg	   and	   sperm	   (Zigler	   et	   al.,	   2008;	   Foo	   et	   al.,	   2014),	   and	   the	   sperm	  
behaviour	  is	  also	  a	  factor	  with	  the	  motility	  and	  velocity	  move	  differently	  in	  the	  seawater	  
with	   different	   acidity	   (Schlegel	   et	   al.,	  2012;	   Uthicke	   et	   al.,	   2013).	   The	   transformation	  
from	  embryo	  to	  larva	  may	  be	  the	  critical	  phase	  during	  development	  and	  thus	  sensitive	  
to	  environmental	  factors.	  	  
	  
In	  the	  present	  study,	  an	  antagonistic	  effect	  between	  temperature	  and	  pH	  was	  observed,	  
with	  temperature	  often	  cancelling	  the	  effects	  of	  pH	  on	  reduced	  development	  rate.	  This	  
antagonistic	  developmental	  effect	  between	  temperature	  and	  pH	  during	  fertilisation	  and	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embryonic	  stages	  was	  also	  seen	  in	  previous	  experiments	  (Byrne,	  2011;	  Foo	  et	  al.,	  2012,	  
2014;	  Karelitz	  et	  al.,	  2017).	  	  
	  
The	  optimal	  heat	  tolerance	  of	  larvae	  is	  linked	  with	  the	  timing	  of	  reproduction	  and	  early	  
development	   within	   a	   specific	   environmental	   temperature	   regime.	   Within	   this	   range	  
there	  is	  typically	  increased	  developmental	  rate	  and	  shorter	  larval	  stages	  until	  they	  reach	  
an	  upper	  deleterious	  temperature	  limit	  (Fujisawa	  &	  Shigei,	  1990;	  Pearse,	  1995;	  Sewell	  &	  
Young,	  1990;	  Rahman	  et	  al.,	  2009).	  As	  the	  P.	  huttoni	  sea	  urchins	  are	  summer	  spawners,	  
the	  gametes	  from	  Otago	  Shelf	  and	  Fiordland	  prefer	  warm	  temperatures	  around	  13.5°C	  
and	  15°C,	  respectively.	  The	  thermal	  windows	  of	  the	  intra-­‐site	  progeny	  from	  Otago	  was	  
narrower	  with	  an	  upper	  limit	  of	  16.5°C,	  in	  comparison	  with	  the	  upper	  limit	  of	  18.7°C	  for	  
the	  other	  intra-­‐site	  progeny	  from	  Fiordland.	  Despite	  these	  different	  thermal	  limits,	  both	  
populations	  from	  Fiordland	  and	  Otago	  were	  able	  to	  tolerate	  warmer	  temperatures	  up	  to	  
3-­‐4°C	   above	   their	   regional	   thermal	   upper	   limit	   during	   summer,	   the	  period	  when	   they	  
spawn	   gametes.	   The	   thermal	   windows	   of	   the	   sea	   urchins	   reached	   the	   limits	   after	  
fertilisation	  and	  the	  early-­‐larval	  stages,	  which	  are	  consistent	  with	  the	  previous	  studies	  
on	   the	   thermal	   tolerance	   limits	   of	   other	   embryonic	   echinoderms	   (Stanwell-­‐Smith	   &	  
Peck,	  1998;	  Pecorino	  et	  al.,	  2013).	  	  
	  
After	   being	   exposed	   to	   low	   pH	   during	   gastrulation	   stage,	   sea	   urchin	   larvae	   are	   often	  
under-­‐developed	   through	   impaired	   calcification	   when	   they	   reach	   the	   next	   calcifying	  
stage,	   i.e.	   pluteus	   stage	   (Byrne	   et	  al.,	   2009;	   Byrne,	   2011).	   This	   effect	  was	   seen	   in	   the	  
present	  study	  in	  the	  decreased	  developmental	  rates	  of	  progeny	  groups.	  The	  responses	  of	  
normal	   development	   to	   an	   experimental	   pH	   of	   7.7	   decreased	   by	   about	   5-­‐10%	   in	  
comparison	   with	   the	   responses	   to	   the	   seawater	   with	   ambient	   pH	   of	   8.1	   for	   the	  
gastrulation	  stage.	  The	  responses	  in	  the	  form	  of	  decreased	  developmental	  growth	  may	  
be	   cause	   by	   impaired	   calcification	   due	   to	   a	   combination	   of	   low	   carbonate	   saturation	  
states,	  hypercapnia	  and	  disrupted	  acid-­‐base	  regulation	  (Sheppard	  Brennand	  et	  al.,	  2010;	  
Byrne	   et	   al.,	   2013a),	   as	   the	   experimental	   pH	   of	   7.7	   contains	   low	   calcite	   (1.375)	   and	  
aragonite	  (0.881)	  saturation	  levels	  in	  the	  seawater	  in	  comparison	  with	  the	  ambient	  pH	  
of	  8.1	  (3.235	  and	  2.072,	  respectively)	  (Orr	  et	  al.,	  2005;	  IGBP	  et	  al.,	  2013).	  The	  effects	  of	  
pH	   on	   thermal	  windows	   during	   the	   gastrulation	   stage	  were	  minimal,	   as	   only	   rates	   of	  
normal	  development	  were	  affected.	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While	  normal	  developmental	  rate	  decreased	  by	  pH	  during	  gastrulation	  stage,	  changes	  in	  
thermal	  windows	  occurred	  during	   the	  pluteus	  stage	  with	  narrower	   limits	  of	   the	   inter-­‐
population	  groups.	  The	  thermal	  windows	  of	  intra-­‐site	  populations	  did	  not	  change	  under	  
the	   pH	   7.7	   treatment.	   Many	   previous	   experiments	   have	   examined	   the	   multistressor	  
effects	  on	  echinoderms	  by	  temperature	  and	  pH	  (Byrne	  et	  al.,	  2009;	  Sheppard	  Brennand	  
et	  al.,	  2010;	  Foo	  et	  al.,	  2012;	  Padilla-­‐Gamiño	  et	  al.,	  2013),	  but	  the	  effect	  of	  pH	  on	  thermal	  
windows	  was	   not	   investigated	   before.	   Karelitz	   et	  al.	   (2017)	   studied	   the	  multistressor	  
effects	   of	   pH	   on	   thermal	  windows	   in	   five	   echinoderm	   species,	   but	   the	   developmental	  
responses	   of	   pluteus	   larvae	   were	   not	   examined.	   Therefore,	   more	   long-­‐term	  
investigations	   are	   necessary	   to	   understand	   how	   decreased	   pH	   affects	   the	   limits	   of	  
thermal	   tolerance,	   as	   some	   species	   are	   sensitive	   to	   extreme	   changes	   like	   inter-­‐
population	  progeny	  groups.	  	  
	  
As	   the	   larvae	   reached	   the	   pluteus	   stage,	   both	   intra-­‐site	   and	   inter-­‐population	   larvae	  
spawned	  from	  female	  Fiordland	  sea	  urchins	  grew	  largest	  in	  comparison	  with	  the	  larvae	  
of	  female	  Otago	  sea	  urchins.	  Moreover,	  the	  developmental	  rate	  of	  larvae	  produced	  from	  
Otago	  eggs	  was	  slow,	  as	  most	  were	  still	  in	  early	  pluteus	  stage	  instead	  of	  pluteus	  larvae	  
which	   was	   a	   requirement	   to	   measure	   for	   morphological	   sizes.	   Interestingly,	   only	   the	  
inter-­‐population	  cross	  between	   female	  Fiordland	  and	  male	  Otago	   invertebrates	  reared	  
in	   the	   reduced	   seawater	   pH	   7.7	   were	   wider	   and	   their	   stomach	   was	   also	   larger	   in	  
comparison	  with	  their	  conspecific	  species	  reared	  in	  ambient	  seawater	  with	  pH	  8.1.	  The	  
interaction	   between	   temperature	   and	   pH	   significantly	   affected	   the	   development	   of	  
length,	  width	  and	  stomach	  area	  of	  pluteus	  larvae.	  These	  body	  changes	  may	  be	  part	  of	  the	  
physiological	   adaptations	   to	   decreased	   pH	   in	   the	   seawater,	   but	   whether	   this	   yields	  
benefits	   or	   not,	   more	   researches	   are	   necessary.	   Most	   progeny	   developed	   smaller	   in	  
seawater	  with	  low	  pH,	  and	  this	  indicated	  that	  the	  larvae	  were	  not	  able	  to	  develop	  their	  
calcifying	   skeleton	   due	   to	   lack	   of	   carbonate	   ions	   in	   the	   seawater	   and	   changes	   in	  
hypercapnic	  metabolism	  (Sheppard	  Brennand	  et	  al.,	  2010;	  Byrne	  et	  al.,	  2013a;	  Uthicke	  et	  
al.,	   2013).	   Karelitz	   et	   al.	   (2017)	   measured	   pluteus	   larvae	   of	   three	   sea	   urchins	  
(Sterechinus	   neumayeri,	   Fellaster	   zelandiae	   and	   Arachnoides	   placenta)	   in	   response	   to	  
temperature	   gradients	   and	   pH,	   and	   the	   larvae	   reared	   in	   the	   seawater	   with	   future-­‐
scenario	  pH	  7.8	  were	  smaller	  than	  those	  in	  seawater	  with	  ambient	  pH	  8.1.	  The	  changes	  
in	  body	  size	  as	  responses	  to	  climate	  changes	  are	  reported	  in	  many	  species	  (see	  Gardner	  
et	  al.,	   2011)	  with	   distribution	   and	  phenological	   changes	   as	   other	   universal	   responses.	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The	   body	   size	   is	   accompanied	   with	   the	   thermoregulation,	   energy	   metabolism	   and	  
hereditary	   traits	   that	   require	   morphological	   changes	   as	   resilience	   to	   changing	  
environments	  (Gardner	  et	  al.,	  2011).	  	  
	  
The	   capacities	   for	   acclimation	   to	   ocean	   warming	   and	   ocean	   acidification	   lie	   in	   the	  
combination	   of	   fitness,	   genetics	   and	   reproduction	   behaviour	   of	   the	   parents.	   The	  
maternal	   influence	   against	   environmental	   stress	   is	   strong	  during	   the	   early	   life-­‐history	  
stages	  by	  protective	   egg	   factors,	   e.g.	   cell	   defence	  proteins	   and	  heat	   tolerance	  proteins	  
(Hamdoun	  &	  Epel,	  2007;	  Foo	  et	  al.,	  2012;	  Byrne	  et	  al.,	  2013a).	  The	  intra-­‐site	  and	  inter-­‐
population	   progenies	   showed	   that	   the	  maternal	   effects	   on	   the	   development	   occurred	  
during	   the	   fertilisation	  and	  early	  embryonic	  stages,	  as	   the	   fertilised	  eggs	  and	  embryos	  
were	  able	  to	  develop	  in	  warmer	  temperature	  above	  the	  upper	  thermal	  limits.	  Also,	  there	  
were	  similar	  responses	  by	  offspring	  in	  both	  pH	  treatments,	  which	  indicated	  that	  the	  pH	  
effect	   was	   small	   during	   the	   earliest	   development	   until	   pluteus	   stage.	   Yet,	   the	  
hybridisation	  between	  Fiordland	  and	  Otago	  populations	  showed	  the	  robust	  attributes	  of	  
intra-­‐site	  parents	  against	  extreme	  changes	  in	  temperature	  and	  pH	  were	  not	  selected	  for	  
their	   inter-­‐population	   offspring,	   as	   it	   resulted	   into	   lower	   developmental	   rates	   and	  
narrower	  thermal	  windows.	  	  
	  
Both	   intra-­‐site	  populations	   from	  Fiordland	  and	  Otago	  showed	  some	  degree	  of	   thermal	  
adaptions	   to	   their	   local	   environment,	   as	   their	  heat	  optimums	  are	  potentially	   linked	   to	  
regional	   summer	   temperatures	   when	   they	   spawn.	   The	   regional	   adaptations	   develop	  
throughout	   time	  separated	  by	  barriers	   to	   larval	  exchange,	  and	   it	   is	  possibly	  caused	  by	  
the	  genetic	  drift	  resulting	   in	  resilience	  to	   local	  environments.	  This	  was	  seen	   in	  the	  sea	  
urchin	  Strongylcentrotus	  purpuratus	  population	  with	  a	  distribution	  of	  1200	  km	  along	  the	  
coastline	  of	  US,	  and	  the	  offspring	  had	  selected	  alleles	  for	  biochemical	  functions	  against	  
various	  environments	  depending	  on	  their	  life	  habitat	  (Pespeni	  et	  al.,	  2012).	  The	  regional	  
acclimations	   and	   physiological	   adaptations	   were	   also	   observed	   in	   Antarctic	   marine	  
invertebrate	  Odontaster	  validus	  from	  two	  distant	  locations,	  the	  Antarctic	  Peninsula	  and	  
the	  Ross	  Sea,	  with	  a	  temperature	  difference	  of	  1-­‐2°C	  (Bilyk	  &	  DeVries,	  2011;	  Suckling	  et	  
al.,	   2015).	   These	   responses	   suggest	   that	   the	   acclimation	   and	   migration	   abilities	   of	   a	  
species	  to	  changing	  environments,	  and	  the	  rate	  of	  shifts	  in	  distribution	  and	  physiological	  
tolerances	   will	   increase	   during	   climate	   changes.	   Several	   studies	   indicated	   that	   the	  
distributional	   behaviour	   of	  marine	   species	   to	   cooler	   climes	  or	   to	  deeper	  depths	   along	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with	   changes	   in	   population	   size	   in	   response	   to	   rapid	   climate	   changes	   occur	   within	   a	  
short	  span	  (Doney	  et	  al.,	  2012;	  Bates	  et	  al.,	  2013).	  	  
	  
The	   interactions	   between	   multiple	   stressors	   are	   complex,	   but	   the	   increased	   ocean	  
warming	  will	   likely	   affect	   the	   developmental	   success	   of	   the	   embryos	   and	   larvae	   of	  P.	  
huttoni	   first	  before	  ocean	  acidification	  does	   (Byrne	  et	  al.,	   2009;	  Hofmann	  &	  Todgham,	  
2010;	   Uthicke	   et	   al.,	   2013).	   Temperature	   as	   an	   external	   factor	   may	   determine	   the	  
survival	  rate	  as	  it	  controls	  physiology	  and	  development	  in	  several	  ways,	  e.g.	  dissolution	  
of	  egg	  membranes	  by	  controlling	  enzyme	  activity	   (Hamdoun	  &	  Epel,	  2007;	  Rahman	  et	  
al.,	  2009;	  Foo	  et	  al.,	  2012),	  while	  ocean	  acidification	  may	  influence	  teratogen	  effects	  on	  
calcifying	  functions	  like	  skeleton	  formation	  of	  pluteus	  larvae	  and	  metabolism	  (Doney	  et	  
al.,	  2009;	  Dupont	  et	  al.,	  2010;	  Byrne	  et	  al.,	  2013a).	  	  
	  
P.	  huttoni	  from	  two	  locations	  in	  New	  Zealand	  developed	  acclimatisation	  to	  temperature	  
by	   increasing	   heat	   tolerance	   limit	   up	   to	   3°C,	   but	   not	   to	   decreased	   pH.	   Both	   intra-­‐site	  
populations	  from	  Fiordland	  and	  Otago	  Shelf	  were	  more	  robust	  against	  temperature	  and	  
pH	  extremes	  in	  comparison	  with	  the	  inter-­‐population	  groups,	  and	  the	  thermal	  windows	  
of	  inter-­‐population	  groups	  were	  affected	  by	  pH	  during	  pluteus	  stage.	  To	  understand	  the	  
effect	   of	   pH	   to	   thermal	   windows,	   more	   long-­‐term	   investigations	   are	   essential,	   as	   its	  
impacts	  cause	  different	  developmental	  responses	  at	  each	  life-­‐history	  stage	  of	  a	  species	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Chapter 5. Transgenerational adaptions of Antarctic sea 




5.1  Introduction 
	  
Due	  to	  global	  climate	  change,	  ocean	  warming	  is	  predicted	  to	  increase	  between	  2°C	  and	  
4.5°C	  by	  2100	  (IPCC,	  2013),	  with	  Antarctica	  one	  of	  the	  fastest	  warming	  regions	  on	  Earth.	  
For	  example,	  air	  temperatures	  on	  the	  Antarctic	  Peninsula	  have	  increased	  by	  up	  to	  ~3°C	  
in	   the	   last	   50	   years	   (Smale	   &	   Barnes,	   2008;	   Grange	   et	   al.,	   2011;	   Peck	   et	   al.,	   2013).	  
Increased	   seawater	   temperature	   will	   likely	   cause	   significant	   changes	   in	   the	  
geographically	   isolated	   Antarctic	   marine	   environment	   (Grange	   et	   al.,	   2007;	   Smale	   &	  
Barnes,	  2008;	  Somero,	  2010)	  and	  Antarctic	  marine	  life	  may	  well	  respond	  earlier	  to	  the	  
climate	   changes	   than	   in	   marine	   communities	   at	   lower	   latitudes	   (Peck	   et	   al.,	   2004;	  
Grange	  et	  al.,	  2007).	  	  
	  
Temperature	   is	   an	   important	   physical	   driver	   that	   controls	   the	   distribution	   and	  
development	   of	   marine	   invertebrates	   (Hofmann	   &	   Todgham,	   2010;	   Byrne,	   2011;	  
Karelitz	  et	  al.,	  2017).	  Antarctic	  marine	  invertebrates,	   in	  particular,	  are	  known	  for	  their	  
extreme	   stenothermal	   cold-­‐adapted	   physiology,	   slow	   growth,	   physiological	   rates	   and	  
relatively	   poor	   acclimatization	   capacity	   to	   increased	   seawater	   temperature,	   such	   as	   a	  
lack	  of	  heat-­‐shock	  proteins	  (Peck	  et	  al.,	  2004,	  2009,	  2013;	  Karelitz	  et	  al.,	  2017).	  	  
	  
Species	  may	  change	   their	   thermal	   tolerance	  by	  phenotypic	  and	  physiological	  plasticity	  
or	   adapting	   through	   genetic	   variability	   (Smale	  &	  Barnes,	   2008;	  Hofmann	  &	  Todgham,	  
2010;	  Foo	  &	  Byrne,	  2016).	  One	  of	   the	  quickest	   and	  potentially	  most	   important	  of	   this	  
adaptive	   mechanism	   is	   transgenerational	   plasticity	   (TGP).	   TGP	   is	   a	   mechanism	   of	  
adaptation	   in	  which	   the	   parental	   reproductive	   development	   is	   affected	   by	   a	   changing	  
environmental	  condition	  (i.e.	  a	  warmer	  temperature)	  and	  as	  a	  result	   the	  offspring	  will	  
have	   a	   greater	   adaptation	   to	   a	   new	   environment	   (Suckling	   et	   al.,	   2015;	  Morley	   et	   al.,	  
2016).	   For	   example,	   the	   Antarctic	   sea	   urchin	   Sterechinus	   neumayeri	   offspring	  
successfully	   acclimated	   to	   increased	   temperature	   using	   TGP	   mechanisms	   after	   17	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months	   acclimation	   of	   the	   adult,	   and	   the	   development	   of	   larvae	   in	   acclimated	   sea	  
urchins	   was	   advanced	   in	   time	   in	   comparison	   with	   the	   control	   group	   (Suckling	   et	   al.,	  
2015).	   Other	   marine	   species	   have	   acclimated	   to	   warmer	   temperatures	   over	   several	  
generations,	   as	   seen	   in	   tropical	   reef	   fishes	   where	   F2	   offspring	   were	   showed	   to	   have	  
acclimated	  to	  elevated	  temperatures	  (Donelson	  et	  al.,	  2011).	  
	  
Increasing	   temperature	  causes	  accelerated	  growth,	  enhanced	  metabolism	  and	  reduced	  
larval	  duration	  in	  echinoderms	  (Hofmann	  &	  Todgham,	  2010;	  Byrne,	  2012;	  Lamare	  et	  al.,	  
2014;	  Karelitz	  et	  al.,	   2017)	   up	   to	   a	   critical	   threshold	  when	   reduced	   survival	   rate	  may	  
result	   from	   physiological	   stresses	   (Peck	   et	   al.,	   2013;	   Lamare	   et	   al.,	   2014).	   Optimal	  
thermal	   windows	   in	   echinoderm	   larvae	   have	   been	   examined	   in	   a	   number	   of	   species,	  
from	   tropical	   to	  polar	   environments,	   and	   the	   temperature	   range	   is	   often	  narrow	  with	  
breadth	   of	   typically	   6	   -­‐	   7°C	   (Byrne,	   2011;	   Grange	   et	   al.,	   2011;	   Lamare	   et	   al.,	   2014).	  
Studies	   have	   also	   shown	   that	   the	   life-­‐history	   stage	   may	   respond	   differently	   to	   the	  
thermal	  ranges	  during	  development	  (Pörtner	  &	  Farrell,	  2008;	  Byrne	  2011;	  Karelitz	  et	  al.,	  
2017),	  and	  the	  thermal	  bottlenecks	  to	  temperature	  changes	  are	  considered	  to	  occur	  in	  
the	   early	   life	   stages	   (embryos	   and	   larvae),	   with	   high	   mortality	   during	   development	  
(Byrne,	  2011;	  Grange	  et	  al.,	  2011;	  Peck	  et	  al.,	  2013;	  Karelitz	  et	  al.,	  2017).	  In	  addition,	  the	  
role	   of	   maternal	   effects	   on	   egg	   characteristics,	   in	   particular	   egg	   size	   and	   quality	   (i.e.	  
energy	  content),	  is	  considered	  to	  be	  one	  of	  the	  most	  important	  life	  history	  parameters	  in	  
early	  development	  (McAlister	  &	  Moran,	  2012)	  and	  the	  size	  of	  the	  egg	  can	  be	  linked	  with	  
the	   normal	   development	   and	   increased	   survivorship	   (Moore	   &	   Manahan,	   2007;	  
McAlister	  &	  Moran,	  2012).	  	  
	  
The	  aim	  of	  the	  present	  study	  is	  to	  understand	  the	  effect	  of	  transgenerational	  plasticity	  
(TGP)	   in	   the	  Antarctic	   sea	   star	  Odontaster	  validus	  (Kroeker	   1906).	  O.	  validus	   is	   one	   of	  
few	   polar	   species	   with	   thermal	   tolerance	   that	   can	   reach	   several	   degrees	   above	   the	  
average	  Antarctic	  seawater	  of	  ~1.5°C	  (Peck	  et	  al.,	  2008,	  2013;	  Karelitz	  et	  al.,	  2017).	  I	  use	  
this	  species	  to	  examine	  acclimation	  abilities	  in	  polar	  species	  against	  global	  warming	  in	  
which	  the	  parental	  reproductive	  development	  affects	  the	  phenotype	  of	  their	  offspring	  to	  
the	   changing	   environment	   condition	   (i.e.	   a	   warmer	   temperature)	   to	   increase	   their	  
chances	   to	   survive	   in	   the	   future	   (Morley	   et	   al.,	   2016).	   As	   the	   Antarctic	   marine	  
environment	  is	  experiencing	  warming	  ocean,	  the	  polar	  inhabitants	  will	  have	  to	  rely	  on	  
their	  acclimation	  abilities	  to	  cope	  against	  increased	  temperature.	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O.	   validus	   has	   been	   relatively	  well	   studied	   for	   their	   thermal	   sensitivity	   and	   resilience,	  
and	  are	  excellent	  model	  systems	  for	  understanding	  the	  response	  of	  developmental	  stage	  
to	  warming	  (Aronson	  et	  al.,	  2008;	  Peck	  et	  al.,	  2013;	  Karelitz	  et	  al.,	  2017).	  The	  species	  is	  
one	   of	   the	   most	   abundant	   Antarctic	   animals	   at	   the	   depths	   between	   0	   and	   200	   m	  
(Chiantore	   et	   al.,	   2002;	   Peck	   et	   al.,	   2008)	   and	   occurs	   around	   the	   Antarctica,	   where	  
average	   sea	   temperature	   is	   <5°C	   (Pearse,	   1969;	  Grange	  et	  al.,	   2007;	   Peck	  et	  al.,	   2008;	  
Karelitz	  et	  al.,	  2017).	  The	  sea	  star	  plays	  an	  important	  role	  in	  the	  Antarctic	  food	  web	  as	  a	  
predator/scavenger,	   which	   affects	   the	   distribution	   and	   ecological	   interactions	   among	  
the	   fauna	  (Peck	  et	  al.,	  2008;	  Kidawa	  et	  al.,	  2010).	   It	  appears	  to	  be	  the	  one	  of	   the	  more	  
thermally	  tolerant	  of	  Antarctic	  species	  (Peck	  et	  al.,	  2008;	  Karelitz	  et	  al.,	  2017).	  O.	  validus	  
spawn	  during	  the	  late-­‐winter	  months,	  and	  their	  optimal	  thermal	  window	  for	  fertilisation	  
has	  previously	  been	  determined	  to	  be	  between	  -­‐1°C	  and	  4°C	  (Pearse,	  1969;	  Grange	  et	  al.,	  
2011;	  Gonzalez-­‐Bernat	  et	  al.,	  2013).	  However,	  Karelitz	  et	  al.	  (2017)	  recently	  found	  that	  
O.	   validus	   had	   a	   wider	   thermal	   window	   with	   the	   upper	   limit	   of	   5.8°C,	   and	   with	  
fertilisation	  consistently	  high	  within	  its	  thermal	  window	  (average	  rates	  of	  fertilisation	  =	  
71.5	  to	  83%	  within	  the	  range	  of	  -­‐0.5°C	  to	  10.7°C).	  Although	  the	  embryonic	  development	  
rate	  may	  be	  higher	  as	  it	  approaches	  the	  upper	  temperature	  limit,	  the	  deleterious	  effects	  
caused	   by	   higher	   temperatures	  may	   counter	   this	   benefit	   (Pearse,	   1969;	   Grange	   et	  al.,	  
2011;	  Gonzalez-­‐Bernat	  et	  al.,	  2013).	  	  
	  
In	   this	   present	   study,	   I	   tested	   TGP	   as	   measured	   by	   the	   potential	   acclimatization	   in	  
thermal	   windows	   in	   larvae	   derived	   from	   adult	   starfish	   O.	   validus,	   pre-­‐conditioned	   at	  
either	  0.5°C	  or	  3.5°C	  in	  the	  laboratory	  for	  twelve	  months.	  Larval	  thermal	  windows	  were	  
examined	  across	  a	  ~2°C	  to	  10°C	  temperature	  gradient.	   I	  also	  examined	  if	  the	  egg	  sizes	  
and	  shapes	  (a	  proxy	  for	  quality)	  were	  affected	  by	  adult	  treatment.	  My	  hypothesis	  is	  that	  
offspring	   from	   warm	   adapted	   adults	   will	   have	   a	   greater	   tolerance	   to	   warmer	  
temperatures	   as	   shown	   by	   a	   shift	   in	   the	   developmental	  window.	   If	   this	   hypothesis	   is	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5.2  Methods  
	  
5.2.1	  Experimental	  design	  
	  
General	   methods	   of	   the	   thermal	   windows	   experiments	   are	   described	   in	   Chapter	   2.	  
Odontaster	  validus	  were	   collected	  using	   SCUBA	   in	  McMurdo	   Sound,	  Antarctica	   and	   air	  
transported	  to	  the	  Portobello	  Marine	  Laboratory	  in	  Dunedin,	  New	  Zealand	  in	  November	  
2013.	  The	  sea	  stars	  were	  kept	  in	  temperature-­‐controlled	  aquaria	  for	  nine	  months,	  until	  
they	  were	   divided	   and	   preconditioned	   into	   cold	   (0.5°C)	   and	  warm	   (3.5°C)	   acclimated	  
temperature	   treatments	   for	   twelve	   months	   prior	   to	   spawning	   in	   the	   laboratory.	   The	  
complete	  experiment	  is	  shown	  in	  the	  flowchart	  (Fig.	  5.1).	  	  
	  
	  
Figure	   5.1.	   Experimental	   design	   summary	   with	   each	   step	   from	   collecting	  Odontaster	  
validus	   sea	   stars	   to	   developmental	   stages	   during	   experiment	   with	   temperature	  
variables.	  
Collect	  seastars	  




Egg	  size	   Egg	  quality	  
12	  temperature	  variables	  (2.0	  –	  10.2oC)	  
2	  h	  
Collect	  1.0	  mL	  sample	  
Fix	  in	  5%	  buffered	  formalin	  
Developmental	  rate	  
Fertilization	  rate	   Embryonic	  stage	   Gastrulation	  stage	  
24	  h	   48	  h	   120	  h	  
3.5oC	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5.2.2	  Fertilisation	  and	  embryo	  cultures	  	  
	  
On	   25	   August	   2016,	   sea	   stars	   were	   spawned	   by	   an	   injection	   of	   1	   mL	   of	   10-­‐5	   M	   1-­‐
methyladenine	  (1-­‐MA)	  into	  the	  coelomic	  cavity,	  and	  put	  in	  250	  mL	  beakers	  with	  100	  mL	  
of	  0.5	  μm	  ambient	  (0.5°C)	  temperature	  filtered	  seawater	  (FSW).	  For	  both	  the	  cold	  and	  
warm	   acclimated	   adults,	   gametes	   from	   3	   females	   and	   2	   males	   were	   collected.	   The	  
spawned	   eggs	   and	   sperm	  were	   collected	   after	   3	   hours.	   The	   eggs	   from	   each	   set	   were	  
pooled	  in	  150	  mL	  ambient	  FSW	  and	  five	  subsamples	  of	  50	  μl	  were	  taken	  to	  determine	  
the	   egg	   concentration.	   About	   1000	   eggs	   were	   pipetted	   in	   a	   45	   mL	   glass	   vial	   with	  
preconditioned	  FSW	  at	  each	  specific	   temperature	   level	   in	   the	  heat	  block,	  and	   the	  eggs	  
left	   to	   precondition	   for	   an	   hour	   prior	   to	   fertilisation.	   The	   sperm	   concentration	   was	  
determined	   with	   haemocytometer	   and	   pipetted	   to	   the	   vials	   with	   eggs	   to	   give	   a	   final	  
concentration	  of	  104	  sperm	  ml-­‐1.	  The	  fertilised	  eggs	  were	  then	  reared	  for	  120	  hours.	  	  
	  
Each	   set	   of	   temperature	   levels	   for	   the	  warm	   and	   cold	   embryos	  were	   replicated	   three	  
times.	   The	   experiments	   were	   conducted	   in	   two	   thermal	   blocks	   with	   12	   temperature	  
treatments	  ranging	  between	  ~2	  to	  10°C	  (Table	  5.1),	  and	  the	  heat	  blocks	  were	  not	  able	  to	  
adjust	  to	  lower	  temperatures	  below	  2.0°C.	  Four	  warmest	  rows	  of	  the	  heat	  blocks	  were	  
not	  used,	  as	  they	  had	  similar	  temperatures	  to	  the	  fifth	  row	  (~10.2°C).	  	  
	  
5.2.3	  Sampling	  and	  embryo	  scoring	  
	  
Unfertilised	  egg	  samples	  (~50	  eggs	  per	   female)	   from	  each	  set	  of	   treated	   females	  were	  
collected	   and	   fixed	   with	   100	   μl	   5%	   phosphate	   buffered	   formalin	   in	   a	   1.5-­‐mL	  
EppendorfTM	   tube.	   The	   diameter	   and	   quality	   of	   each	   egg	   was	   measured	   with	   the	  
program	   ‘Image	   J’	   version	  1.50a	   (NIH,	  USA),	  with	  any	  non-­‐spherical	   eggs	  measured	  at	  
the	   widest	   part	   of	   the	   egg.	   The	   non-­‐viable	   or	   immature	   egg	   quality	   was	   determined	  
visually	  by	  significant	  departure	  from	  a	  spherical	  shape,	  and	  any	  abnormality	  of	  the	  egg	  
(i.e.	  non-­‐spherical,	  ruptured)	  and	  immaturity	  (indicated	  by	  the	  presence	  of	  the	  germinal	  
vesicle)	  was	  scored	  (Fig.	  5.2).	  	  
	  
Following	  fertilisation,	  a	  1	  mL	  sample	  was	  taken	  from	  each	  vial	  at	  4	  times	  (2,	  24,	  48	  and	  
120	  hours	  post-­‐fertilisation),	  fixed	  with	  100	  μl	  5%	  phosphate	  buffered	  formalin	  in	  a	  1.5-­‐
mL	   EppendorfTM	   tube	   and	   examined	   under	   a	   compound	   microscope	   fitted	   with	   a	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Pixelink	   digital	   camera.	   Each	   embryo	   or	   larvae	   was	   scored	   into	   one	   of	   five	  
developmental	  stages:	  egg,	   fertilized	  egg,	  2+-­‐cell,	  blastula	  and	  gastrula.	  Abnormal	  eggs	  
and	  larvae	  were	  also	  scored	  (Fig.	  5.2).	  	  
	  
Table	   5.1.	   Twelve	   experimental	   temperature	   variables	   (°C)	   in	   the	   heat	   block	   for	   the	  
experiments	  with	  Antarctic	  sea	  star	  Odontaster	  validus.	  	  
Row	   Temperature	  (°C)	  
1	   2.0	  	  
2	   3.9	  	  
3	   5.5	  	  
4	   6.8	  	  
5	   8.1	  	  
6	   8.8	  	  
7	   9.6	  	  
8	   10.2	  	  
9	   10.6	  
10	   10.9	  
11	   11.1	  	  
12	   11.3	  
	  
5.2.4	  Statistical	  analyses	  
	  
The	  results	  were	  analysed	  using	  the	  statistical	  program	  ‘SPSS’	  version	  24.0	  (IBM	  Corp,	  
Armonk,	   NY,	   USA).	   An	   independent	   t-­‐test	  was	   used	   to	   test	   differences	   in	   the	   egg	   size	  
between	  the	  adult	   treatments	  (i.e.	  cold	  versus	  warm	  adults),	  while	   the	  egg	  quality	  (i.e.	  
normal	  versus	  poor	  quality)	  between	   the	  adult	   treatments	  was	  analysed	  with	   the	   chi-­‐
squared	   test	   for	   independence.	   To	   get	   normalised	   data,	   the	   results	   were	   1/x-­‐
transformed.	   The	   fixed	   factor	   was	   ‘Acclimation’,	   with	   the	   egg	   size	   and	   quality	   as	   the	  
dependent	  variables.	  	  
	  
A	  series	  of	  multiple	  linear	  regression	  tests	  were	  used	  for	  sea	  star	  offspring	  development	  
with	  temperature	  and	  acclimation	  (i.e.	  cold	  versus	  warm)	  as	  independent	  variables.	  The	  
dependent	  variable	  is	  the	  normal	  development,	  measured	  in	  percentages	  of	  responses	  to	  
temperature	  per	  set.	  Data	  were	  arcsine	  square-­‐root	  transformed	  and	  the	  assumptions	  of	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multiple	  linear	  regressions	  were	  met.	  All	  statistical	  analyses	  were	  undertaken	  with	  the	  
significance	  level	  (α<0.05).	  
	  
Figure	   5.2.	   Examples	   of	   normal	   (left)	   and	   abnormal	   (right)	   development	   from	  egg	   to	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5.3  Results  
	  
5.3.1	  Egg	  sizes	  and	  quality	  
	  
The	   independent	   t-­‐test	   showed	   the	   oocyte	   diameter	   was	   significantly	   larger	   (t(296)	   =	  
11.27,	  p<0.0001)	   for	   those	  derived	   from	   the	  warm	  acclimated	   females	   (213.2	  ±	  15.58	  
μm)	  in	  comparison	  with	  the	  average	  egg	  diameter	  of	  the	  cold	  acclimated	  females	  (194.6	  
±	  11.94	  μm)	  (Fig.	  5.3).	  There	  was	  a	  significant	  difference	  in	  egg	  quality	  between	  the	  sets	  
(Χ(1)	   =	   12.721,	   p<0.0001)	   with	   abnormal	   egg	   quality	   more	   frequent	   in	   the	   warm	  
acclimated	   females	   (43%)	   in	   comparison	  with	   23.5%	   abnormal	   quality	   from	   the	   cold	  
acclimated	  females	  (Fig.	  5.4,	  Table	  5.2).	  	  
	  
	  
Figure	   5.3.	  Average	  Odontaster	  validus	  egg	  diameter	   from	  cold	  acclimated	   (n=149,	  n)	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Table	   5.2.	   Crosstabulation	   in	   percentages	   between	   two	   adult	   acclimation	   treatments	  
(cold	  and	  warm)	  and	  egg	  quality	  (normal	  and	  abnormal)	  of	  Odontaster	  validus.	  	  
	  
Acclimation	  
Total	  Cold	   Warm	  
Quality	   Normal	   Count	   114	   85	   199	  
%	  within	  Quality	   57.3%	   42.7%	   100.0%	  
%	  within	  Acclimation	   76.5%	   57.0%	   66.8%	  
%	  of	  Total	   38.3%	   28.5%	   66.8%	  
Abnormal	   Count	   35	   64	   99	  
%	  within	  Quality	   35.4%	   64.6%	   100.0%	  
%	  within	  Acclimation	   23.5%	   43.0%	   33.2%	  
%	  of	  Total	   11.7%	   21.5%	   33.2%	  
Total	   Count	   149	   149	   298	  
%	  within	  Quality	   50.0%	   50.0%	   100.0%	  
%	  within	  Acclimation	   100.0%	   100.0%	   100.0%	  
%	  of	  Total	   50.0%	   50.0%	   100.0%	  
	  
 
Figure	   5.4.	   Egg	   quality	   in	   percentage	   per	   acclimated	   set	   (cold,	   n=149;	  warm,	   n=149)	  
with	  normal	  quality	  (n)	  and	  abnormal	  quality	  ( )	  indicated.	  ****	  =	  p<0.0001.	  
	  
5.3.2	  Normal	  development	  
	  
A	  series	  of	  multiple	  linear	  regressions	  at	  each	  of	  the	  four	  sampling	  times	  indicated	  that	  
both	  development	   temperature	  and	  adult	  acclimation	  history	  significantly	  affected	   the	  
percentage	   of	   normal	   development,	   except	   for	   the	   temperature	   effect	   at	   the	   2	   hours	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sampling	   (Table	   5.3).	   At	   2	   hours	   sampling,	   there	   were	   similar	   levels	   of	   normal	  
development	  of	  ~44.6–67.8%	  in	  both	  acclimation	  treatments	  over	  the	  2.0°C	  and	  10.2°C	  
range	   of	   development	   temperatures	   (Table	   5.3,	   Fig.	   5.5).	   There	   was	   a	   significant	  
decreased	   effect	   of	   acclimation	   at	   all	   sampling	   times,	   as	   there	   was	   overall	   low	  
developmental	   rate	   in	   the	   warm	   set	   in	   comparison	   with	   the	   cold	   set	   (Fig.	   5.5).	   The	  
percentage	  of	  normal	  development	  in	  the	  warm	  acclimated	  set	  gradually	  decreased	  over	  
time,	  with	   the	  highest	   normal	   developmental	   responses	   of	   16.9%	  at	   3.9°C	  during	  120	  
hours	  sampling,	  while	  the	  percentage	  of	  the	  cold	  acclimated	  set	  was	  76.0%	  at	  the	  same	  
temperature	  and	  time	  sampling	  (Fig.	  5.5).	  The	  thermal	  windows	  narrowed	  with	  time	  in	  
both	   acclimation	   treatments,	   and	   by	   120	   hours,	   no	   normal	   larvae	   were	   observed	   at	  
temperatures	   above	   5.9°C	   (Fig.	   5.5).	   Despite	   poor	   normal	   development	   of	   warm	  
acclimated	   offspring,	   larvae	   developed	   better	   at	  warmer	   temperatures	   above	   9°C	   and	  
7°C	  at	  24	  and	  48	  hours	  post-­‐fertilisation,	  respectively,	  and	  had	  wider	  thermal	  windows	  
in	  comparison	  with	  the	  cold	  acclimated	  progeny	  (Fig.	  5.5).	  	  
	  
Table	   5.3.	   Model	   estimates	   of	   multiple	   linear	   regressions	   to	   test	   the	   responses	   of	  
normal	  embryonic	  development	  of	  Odontaster	  validus	  to	  development	  temperature	  and	  
adult	  acclimation	  treatments	  over	  four	  sampling	  times.	  	  
Sampling	  time	   Model	   B	   t	   p-­‐value	  
2	  hours	   (Constant)	   0.913	   16.292	   <0.001	  
	   Temperature	   -­‐0.005	   -­‐1.059	   0.295	  
	   Acclimation	   -­‐0.254	   -­‐9.183	   <0.001	  
	   Overall	  model:	  F(2,	  45)	  =	  42.724,	  p<0.0001,	  R2	  =	  0.655	  
24	  hours	   (Constant)	   1.097	   10.588	   <0.001	  
	   Temperature	   -­‐0.055	   -­‐5.763	   <0.001	  
	   Acclimation	   -­‐0.250	   -­‐4.899	   <0.001	  
	   Overall	  model:	  F(2,	  45)	  =	  28.604,	  p<0.0001,	  R2	  =	  0.560	  
48	  hours	   (Constant)	   0.919	   11.001	   <0.001	  
	   Temperature	   -­‐0.076	   -­‐9.916	   <0.001	  
	   Acclimation	   -­‐0.085	   -­‐2.062	   0.045	  
	   Overall	  model:	  F(2,	  45)	  =	  51.291,	  p<0.0001,	  R2	  =	  0.695	  
120	  hours	   (Constant)	   0.850	   9.679	   <0.001	  
	   Temperature	   -­‐0.062	   -­‐7.735	   <0.001	  
	   Acclimation	   -­‐0.181	   -­‐4.191	   <0.001	  
	   Overall	  model:	  F(2,	  45)	  =	  38.698,	  p<0.0001,	  R2	  =	  0.632	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Figure	  5.5.	  The	  percentage	  of	  normal	  development	  rates	  of	   the	  progeny	  of	  Odontaster	  
validus	  from	  cold	  and	  warm	  acclimated	  adults	  at	  eight	   temperature	  variables	  between	  
2°C	  and	  10.2°C,	  measured	  at	  four	  time	  points	  (2,	  24,	  48	  and	  120	  hours	  post-­‐fertilisation).	  




The	   potential	   for	   transgenerational	   plasticity	   (TGP)	   in	   response	   to	   global	  warming	   in	  
Odontaster	  validus	  was	   tested	   experimentally	   in	   the	   current	   study.	   The	   offspring	   of	  O.	  
validus	  had	  broad	  thermal	  windows	  up	  to	  ~6°C	  (Peck	  et	  al.,	  2008;	  Karelitz	  et	  al.,	  2017).	  
While	  embryos	  from	  warm	  adapted	  adult	  had	  slightly	  broader	  thermal	  windows	  at	  the	  
warmer	   temperature	   of	   approximately	   0.5°C	   and	   2°C	   at	   24	   hours	   and	   48	   hours,	  
respectively,	  there	  was	  no	  clear	  evidence	  of	  TGP	  in	  the	  offspring	  of	  adult	  acclimatisation	  
for	   nine	   months	   to	   lower	   (0.5°C)	   and	   higher	   (3.5°C)	   temperatures.	   Moreover,	   the	  
offspring	   of	   warm	   acclimated	   adults	   developed	   poorly	   in	   comparison	   with	   the	   cold	  
acclimated	  offspring.	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Timing	   and	   location	   appear	   to	   affect	   the	   reproductive	  biology	  of	  O.	  validus,	   as	   the	   sea	  
stars	  have	  various	   interannually	   reproductive	   system	   (Stanwell-­‐Smith	  &	  Clarke,	  1998;	  
Grange	  et	  al.,	  2007).	  Also,	  the	  sea	  star	  development	  varies	  among	  locations,	  as	  observed	  
in	   the	  populations	   of	   Signy	   Island,	   Terra	  Nova	  Bay	   and	  McMurdo	   Sound	   in	  Antarctica	  
(Stanwell-­‐Smith	  &	  Clarke,	  1998;	  Chiantore	  et	  al.,	  2002).	  The	  measurements	  of	  the	  eggs	  
showed	   the	   average	   diameter	   of	   eggs	   (194.6	   μm)	   in	   cold	   adapted	   adults	  was	   smaller	  
than	  the	  eggs	  from	  the	  warm	  acclimated	  animals	  in	  which	  the	  average	  oocyte	  diameter	  
was	  213.2	  μm.	  Moore	  &	  Manahan	  (2007)	  measured	   the	  oocyte	  sizes	   in	  O.	  validus	  with	  
the	  average	  of	  214	  μm	  from	  McMurdo	  Sound	  in	  Antarctica	  in	  the	  period	  of	  2004-­‐2005,	  
which	  is	  similar	  to	  the	  warm	  acclimated	  eggs	  in	  this	  experiment.	  The	  large	  oocytes	  have	  
been	  linked	  to	  increased	  survivorship,	  accelerated	  developmental	  rate	  and	  recruitment	  
(Pearse,	  1969;	  Moore	  &	  Manahan,	  2007;	  Suckling	  et	  al.,	  2015).	  This	  relationship	  was	  not	  
examined	  in	  the	  present	  experiments	  in	  terms	  of	  responses	  of	  acclimated	  sea	  stars	  with	  
low	  survival	  rate	  generally	  seen	  in	  the	  experiments	  irrespective	  of	  adult	  treatment.	  The	  
decreased	  egg	  quality	   in	  acclimated	  sea	  star	  may	  be	  a	  response	  of	  the	  adults	  adjusting	  
their	  energy	  budgets	  (i.e.	  more	  toward	  maintenance	  than	  reproduction)	  in	  response	  to	  
increased	  warming	  (Hofmann	  &	  Todgham,	  2010;	  Kidawa	  et	  al.,	  2010;	  Byrne,	  2011).	  This	  
was	  observed	  in	  Antarctic	  sea	  urchin	  Sterechinus	  neumayeri	  after	  8	  months	  acclimated	  
to	   increased	   temperature,	   and	   the	   offspring	   survival	  was	   lower	   than	   that	   of	   offspring	  
from	  cold	  acclimated	  adults	  (Suckling	  et	  al.,	  2015).	  	  
	  
The	   maternal	   provisioning	   in	   the	   eggs	   (i.e.	   accumulation	   of	   heat	   shock	   proteins,	  
modification	  of	  gene	  expression,	  morphological	  and	  behavioural	   changes	   (Hamdoun	  &	  
Epel,	   2007;	   Crean	   et	   al.,	   2013))	   is	   known	   to	   increase	   tolerance	   to	   environmental	  
stressors.	  This	  maternal	  protection	  occurred	  during	   the	   first	  2	  hours	  post-­‐fertilisation	  
with	  similar	  developmental	  responses	  rate	  over	  all	  thermal	  range	  between	  ~2°C	  to	  11°C	  
in	  both	  sets	  of	  sea	  stars.	  Due	  to	  lack	  of	  heat	  shock	  proteins	  in	  sea	  star,	  the	  offspring	  was	  
not	   able	   to	   tolerate	   warmer	   temperature,	   which	   was	   also	   observed	   in	   the	   previous	  
experiment	  of	  Clark	  et	  al.	  (2008).	  As	  stenothermal	   inhabitants	   in	  a	   temperature-­‐stable	  
environment,	   they	   are	   not	   required	   to	   have	   several	   regulatory	   mechanisms	   against	  
warming,	   such	   as	   genes	   coding	   for	   heat	   shock	   proteins	   and/or	   acclimation	   abilities	  
(Somero,	   2010;	  Morley	  et	  al.,	  2016).	  This	   irreversible	   loss	   of	   heat	   shock	  proteins	  may	  
make	  species	  such	  as	  O.	  validus	  vulnerable	  against	  any	   increased	  temperature	  changes	  
(Clark	  et	  al.,	  2008).	  However,	  in	  comparison	  to	  most	  polar	  invertebrates,	  O.	  validus	  has	  a	  
	   79	  
relatively	  broad	   thermal	  windows	  up	   to	  ~6°C	   in	  both	   the	   adults	   and	   larvae,	   that	  may	  
encompass	  temperatures	  expected	  in	  the	  near	  future.	  In	  this	  respect,	  the	  offspring	  of	  the	  
cold-­‐acclimated	   set	   had	   the	   highest	   normal	   developmental	   rate	   at	   120-­‐hours	   post-­‐
fertilisation	  at	  this	  temperature	  of	  3.5°C,	  which	  indicated	  they	  would	  potentially	  tolerate	  
direct	   future	   temperature	   in	   both	   larval	   and	   adult	   stages	   (Peck	   et	   al.,	   2008,	   2013;	  
Karelitz	  et	  al.,	  2017).	  
	  
Most	   polar	   species	   have	   specifically	   adapted	   to	   the	   coldest	   and	   thermally	   stable	  
environment	  and	  their	  distributions	  have	  not	  expanded	  outside	  the	  waters	  of	  Antarctica	  
due	   to	   the	   Antarctic	   Circumpolar	   Current	   (ACC)	   around	   Antarctica	   (Peck	   et	  al.,	   2004;	  
Aronson	   et	   al.,	   2007;	   Somero,	   2010).	   Many	   polar	   species	   previously	   examined	   lack	  
acclimatisation	  abilities	  against	  warming	  with,	  for	  example,	  the	  extreme	  narrow	  thermal	  
limit	   of	   2°C	   in	   the	   Antarctic	   brachiopod	   Liothyrella	   uva	   and	   the	   bivalve	   Limopsis	  
marionensis	  which	  fail	  to	  acclimate	  at	  ~4°C	  during	  long-­‐term	  experiments	  with	  elevated	  
temperatures	   (Peck	   et	   al.,	   2004,	   2008).	   Other	   marine	   species,	   i.e.	   the	   brittle	   star	  
Ophioniotus	   victoria	   and	   the	   clam	   Laternula	   elliptica,	   were	   not	   able	   to	   survive	   if	   the	  
seawater	  temperature	  warmed	  up	  by	  ~1°C	  (Peck	  et	  al.,	  2004,	  2008).	  Their	  poor	  survival	  
rates	  and	  possible	  extinction	  as	  result	   to	  climate	  changes	  will	  affect	   the	  Antarctic	   food	  
web	  (Stanwell	  &	  Smith,	  1998;	  Peck	  et	  al.,	  2008).	  	  
	  
The	  experimental	  period	  of	  nine	  months	  acclimatisation	  might	  be	  too	  short	  to	  develop	  
any	   possible	   acclimation	  mechanisms	   for	   offspring,	   as	   the	   gametogenic	   cycle	   of	   a	   sea	  
star	   takes	   18-­‐24	  months	   to	   develop	  mature	   gonads	   (Kishimoto,	   1998).	   Suckling	   et	  al.	  
(2015)	   showed	   the	   TGP	   effect	   in	   the	  Antarctic	   sea	   urchin	   Sterechinus	  neumayeri	  after	  
being	  acclimatised	  for	  17	  months	  in	  +2°C	  seawater	  and	  the	  gametogenic	  cycles	  take	  12	  
months	   for	   spermatogenesis	   and	   18-­‐24	  months	   for	   vitellogenesis	   (Brockington	   et	   al.,	  
2007;	   Suckling	   et	   al.,	   2015).	   Some	   marine	   species,	   e.g.	   tropical	   reef	   fishes,	   have	   to	  
develop	   efficient	   TGP	   over	   at	   least	   two	   generations	   before	   the	   offspring	   are	   able	   to	  
develop	   optimal	   against	  warming	   (Donelson	   et	  al.,	   2011).	   Due	   to	   the	   long	   generation	  
time	  of	  average	  10-­‐20	  years	  of	  the	  starfishes,	  their	  acclimatisation	  abilities	  may	  not	  keep	  
pace	  with	  the	  rapid	  climate	  changes	  by	  that	  time	  (Peck	  et	  al.,	  2004;	  Morley	  et	  al.,	  2016).	  	  
	  
Animals	  will	  migrate	  as	  a	  response	  against	  unfavourable	  changes	  in	  their	  habitat,	  while	  
other	   species	   are	   able	   to	   acclimatise	   to	   change	   (e.g.	   TGP)	   and	   genetic	   variability	   (e.g.	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protein-­‐coding	  genes	  for	  heat	  shock	  proteins)	  (Bradshaw	  &	  McNeilly,	  1991;	  Parmesan,	  
2006).	   The	   capacity	   for	   TGP	   against	   increased	   temperature	   in	   seawater	   can	   be	  
demonstrated	  by	  testing	  the	  responses	  of	  offspring	  of	  O.	  validus	  adults.	  In	  this	  study,	  the	  
O.	  validus	  adults	  were	  acclimatised	   in	  either	  cold	  (1°C)	  or	  warm	  (4°C)	  seawater	   for	  12	  
months	   prior	   spawning,	   and	   the	   offspring	   from	  both	   sets	   did	   not	   demonstrate	   strong	  
TGP	  against	  increased	  warming	  in	  the	  eggs	  and	  during	  the	  early	  developmental	  stages.	  
Moreover,	  the	  warm-­‐acclimated	  juveniles	  developed	  poorly	  in	  the	  early	  developmental	  
stages	  by	  poor	  egg	  quality	  and	  decreased	  normal	  developmental	  rates.	  The	  experimental	  
acclimatisation	  period	  of	  12	  months	   is	   insufficient	  to	  develop	  fully	  matured	  gonads,	  as	  
the	   gametogenic	   cycle	   of	   the	   sea	   stars	   is	   twice	   longer.	   Therefore,	   more	   long-­‐term	  
researches	  are	  needed	  to	  understand	  the	  physiological	  and	  reproductive	  behaviours	  of	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Chapter 6. General discussion  
 
 
6.1  Key findings  
	  
In	   Chapter	   3,	   two	   sympatric	   sea	   urchins	   Pseudechinus	   huttoni	   and	   P.	   novazealandiae	  
were	   hybridised	   and	   their	   offspring	   were	   tested	   for	   their	   stress	   responses	   against	  
increased	  temperature	  in	  seawater.	  	  
• Hybrid	  progeny	   from	   the	   cross	  between	  P.	  novazealandiae	  ♀	  x	  P.	  huttoni	  ♂ did	  
not	   perform	   better	   than	   native	   counterparts,	   and	   thus	   hybrid	   depression	  
occurred	  in	  this	  scenario.	  	  
• Offspring	  of	  hybrid	  cross	  between	  P.	  huttoni	  ♀	  x	  P.	  novazealandiae	  ♂	  responded	  
similarly	  as	  native	  counterparts	  to	  ocean	  warming.	  	  
• Both	   hybrid	   groups	   developed	   similar	   as	   maternal	   native	   counterparts	   with	  
similar	  thermal	  windows	  and	  normal	  developmental	  rates.	  	  
• The	   hybrid	   P.	   huttoni	   ♀	   x	   P.	   novazealandiae	   ♂	   plutues	   larvae	   developed	  
significantly	  larger	  postoral	  arms	  and	  enlarged	  stomach	  than	  the	  native	  P.	  huttoni	  
♀	  x	  P.	  huttoni	  ♂ larvae.	  	  
	  
In	  Chapter	  4,	  the	  P.	  huttoni	  subpopulations	  from	  Fiordland	  and	  Otago	  Shelf	  were	  crossed	  
and	   tested	   for	   their	   local	   acclimation	   abilities	   against	   warming	   and	   acidification	   in	  
ocean.	  	  
• Both	   intra-­‐site	   progenies	   performed	   better	   than	   inter-­‐population	   progenies	  
against	  climate	  changes.	  	  
• Both	   intra-­‐site	   populations	   have	   thermal	   tolerance	   up	   to	   +3°C	   above	   regional	  
upper	   summer	   thermal	   limit,	   but	   responded	   poor	   against	   decreased	   pH	   in	  
seawater.	  	  
• Both	   inter-­‐population	   progenies	   responded	   similar	   as	   maternal	   intra-­‐site	  
counterparts	  in	  terms	  of	  normal	  developmental	  rates	  and	  thermal	  windows.	  	  
• The	   interactive	   effect	   of	   pH	   on	   thermal	   windows	   occurred	   during	   the	   pluteus	  
larvae	  with	  narrower	  thermal	  windows.	  
• Morphological	  differences	  in	  pluteus	  larvae	  were	  significant	  in	  total	  length,	  total	  
width	  and	  stomach	  area.	  	  
	   82	  
• Pluteus	   larvae	  developed	  smaller	   in	  decreased	  pH	  7.7,	  except	   for	  pluteus	   larvae	  
of	   the	   hybrid	   cross	   Fiordland	   ♀	   x	   Otago	   ♂	   with	   greater	   width	   and	   enlarged	  
stomach. 	  
	  
In	  Chapter	  5,	   two	   sets	  of	   adult	   sea	   star	  Odontaster	  validus	  were	  acclimated	   for	   twelve	  
months	   at	   either	   0.5°C	   or	   3.5°C	   seawater	   and	   their	   offspring	   were	   tested	   for	  
transgenerational	  plasticity	  (TGP)	  against	  warming.	  	  
• The	   egg	   sizes	   of	   warm-­‐acclimated	   adults	   were	   significant	   larger	   than	   those	   of	  
cold-­‐acclimated	  adults.	  	  
• The	   egg	   quality	   of	   cold-­‐acclimated	   adults	  was	   significant	   higher	   than	   of	  warm-­‐
acclimated	  adults.	  	  
• Progeny	  of	  both	  sets	  of	  acclimated	  sea	  star	  adults	  did	  not	  develop	  TGP.	  	  
• Warm-­‐acclimated	  offspring	  developed	  slightly	  broad	  thermal	  windows	  with	  poor	  





Historical	   evidence	   suggests	   that	   many	   species	   may	   not	   survive	   significant	  
environmental	   change,	   such	   as	   ocean	   warming	   and	   ocean	   acidification,	   due	   to	   low	  
migration	   capacities	   or	   insufficient	   time	   or	   capacity	   to	   adapt	   to	   new	   environments	  
(Bradshaw	   &	   McNeilly,	   1991;	   Kelly	   et	   al.,	   2010;	   López-­‐Pérez	   et	   al.,	  2016).	   Therefore,	  
species	   will	   have	   to	   survive	   by	   migrating	   or	   adapting	   either	   phenotypically,	   through	  
transgenerational	   plasticity	   (TGP),	   or	   genetically,	   while	   hybridisation	   can	   provide	  
additional	  mechanisms	   by	   creating	   novel	   genetic	   variability	   and	   adaptive	   potential	   to	  
novel	   environments	   to	   provide	   time	   to	   select	   for	   optimal	   adaptive	   evolutionary	   traits	  
(Parmesan,	  2006;	  Hoffman	  &	  Sgrò,	  2011;	  Kroeker	  et	  al.,	  2013;	  Shama	  et	  al.,	  2014;	  Morley	  
et	  al.,	  2016;	  Pfennig	  et	  al.,	  2016).	  	  
	  
The	   New	   Zealand	   sympatric	   sea	   urchins	   (P.	   huttoni	   and	   P.	   novazealandiae)	   were	  
hybridised	  and	  tested	  for	  responses	  to	   increased	  ocean	  warming.	  The	  hybrid	  offspring	  
of	  the	  cross	  P.	  novazealandiae	  ♀	  x	  P.	  huttoni	  ♂	  developed	  hybrid	  depression	  in	  terms	  of	  
decreased	  normal	  developmental	  rates,	  while	  the	  hybrid	  cross	  offspring	  (P.	  huttoni	  ♀	  x	  
P.	   novazealandiae	  ♂)	   responded	   similar	   in	   terms	   of	   normal	   developmental	   rates	   and	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thermal	  windows	  as	  native	  P.	  huttoni	  counterparts.	  The	  P.	  huttoni	  subpopulations	  from	  
two	   locations	   in	   New	   Zealand	  were	   tested	   for	   their	   local	   acclimation	   abilities	   against	  
ocean	   warming	   and	   ocean	   acidification	   and	   how	   they	   inherited	   the	   best	   acclimation	  
abilities.	   Both	   populations	   have	   thermal	   tolerance	   up	   to	   +3°C	   above	   regional	   upper	  
summer	   thermal	   limit,	   but	   they	   did	   not	   respond	  well	   against	   decreased	   pH	  with	   low	  
developmental	  rates.	  	  
	  
Lastly,	  the	  Antarctic	  sea	  stars	  (Odontaster	  validus)	  adults	  were	  acclimated	  in	  either	  0.5°C	  
or	  3.5°C	  seawater	  for	  nine	  months	  and	  their	  offspring	  were	  tested	  for	  TGP.	  The	  offspring	  
of	  warm	  acclimated	  adults	  did	  not	  develop	  clear	  TGP	  against	  warmer	  temperatures,	  and	  
furthermore,	  the	  normal	  developmental	  rates	  were	  poor	  in	  comparison	  with	  offspring	  of	  
the	  cold	  acclimated	  adults.	  	  
	  
	  
6.3 Effects of increased warming to development 
	  
Increased	   temperature	   plays	   a	   major	   role	   in	   the	   development	   and	   growth	   of	   the	  
echinoderm	  embryos	  and	  larvae,	  and	  temperature	  greatly	  impacts	  the	  distribution	  and	  
development	   of	  marine	   populations	   by	   changing	   spawning	   periods,	   thermal	  windows	  
and	   effects	   on	   each	   life-­‐history	   stage	   (Byrne,	   2011;	   Kordas	   et	   al.,	   2011;	   Hardy	   et	   al.,	  
2014).	   This	   effect	   was	   seen	   in	   the	   development	   of	   the	   sea	   urchins	   P.	   huttoni,	   P.	  
novazealandiae	  and	  the	  sea	  star	  O.	  validus.	  
	  
Many	  species	  spawn	  when	  the	  seawater	  reaches	  an	  optimal	  temperature	  range	  in	  which	  
their	   offspring	   will	   develop	   in	   a	   favourable	   environment	   (Fujisawa	   &	   Shigei,	   1990;	  
Sewell	   &	   Young,	   1999),	   as	   seen	   in	   the	   development	   of	   the	   sea	   urchin	   offspring	   of	   P.	  
huttoni	  and	  P.	  novazealandiae	  during	   their	   early	   life-­‐history	   stages.	   If	   the	   temperature	  
rises	   earlier	   in	   the	   season,	   the	   spawning	   timing	  might	  be	  mismatched	   for	   juveniles	   to	  
develop	   by	   possible	   unavailability	   of	   food	   sources,	   presence	   of	   seasonally	   variable	  
predators	   and	   other	   factors	   that	   will	   indirectly	   influence	   the	   settlement	   of	   larvae	  
(Kordas	   et	   al.,	  2011;	   Hardy	   et	   al.,	   2014).	   Moreover,	   the	   recruitment	   duration	   will	   be	  
likely	   to	   shorten	   as	   response	   to	   increased	  warming	   (Byrne,	   2011;	  Hardy	  et	  al.,	   2014).	  
During	   the	   hybridisation	   study,	   both	   groups	   of	   female	   P.	   huttoni	   reached	   the	   pluteus	  
stage	   earlier	   than	   those	   groups	   from	   female	   P.	   novazealandiae	   at	   the	   warmer	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temperatures	  above	  14°C.	  The	   subpopulations	   from	   female	  Fiordland	  sea	  urchins	  also	  
reached	   the	   pluteus	   stage	   earlier	   than	   the	   female	   Otago	   subpopulations	   when	   the	  
temperatures	   were	   higher	   than	   14°C.	   This	   reduced	   effect	   in	   developmental	   duration	  
were	  seen	   in	  marine	   invertebrates	  Arachnoides	  placenta	  and	  Centrostephanus	  rodgersii	  
with,	  respectively,	  ~7-­‐14	  days	  and	  ~3	  months	  reduction	  (Hardy	  et	  al.,	  2014).	  	  
	  
Species	  are	  able	   to	  change	   their	  upper	   thermal	   limits	  by	  phenotypic	  and	  physiological	  
plasticity,	   or	   adapting	   through	   genetic	   change	   (Smale	   &	   Barnes,	   2008;	   Hofmann	   &	  
Todgham,	  2010;	  Foo	  &	  Byrne,	  2016).	  Many	  marine	  larvae	  appear	  to	  tolerate	  short	  term	  
warming	  up	  to	  4°C	  above	  their	  optimal	  temperature,	  but	  4°C	  is	  deleterious	  in	  the	  form	  of	  
local	  extinction	  (Byrne,	  2011;	  Foo	  et	  al.,	  2012;	  Hardy	  et	  al.,	  2014).	  This	  effect	  was	  seen	  in	  
the	   responses	   of	   the	   sea	   urchin	   and	   sea	   stars	   progenies	   once	   they	   reached	   the	  
gastrulation	   stage	   with	   no	   healthy	   larvae	   at	   warmer	   temperatures.	   Before	   the	  
gastrulation	  stage,	  most	  sea	  urchin	  embryos	  were	  robust	  against	  highest	  temperatures	  
due	   to	  maternal	   protection	   in	   the	   eggs,	   and	   this	   protection	   and	   heat	   tolerance	   effect	  
were	  similarly	  observed	  in	  the	  embryos	  and	  larvae	  of	  many	  other	  echinoderms	  (Byrne	  
et	  al.,	   2009;	  Byrne,	   2011;	   Foo	  et	  al.,	   2012;	  Karelitz	  et	  al.,	   2017).	   Species	  with	   broader	  
habitat	   ranges	   and	  a	   capacity	   to	   tolerance	  against	   variations	   in	   abiotic	   conditions	  will	  
likely	   respond	   better	   to	   climate	   change	   stressors	   (Bates	   et	  al.,	  2013),	   such	   as	   the	   sea	  
urchin	  P.	  huttoni,	  which	  showed	  in	  this	  study	  to	  have	  a	  broad	  thermal	  windows	  and	  high	  
normal	  development	  in	  comparison	  with	  the	  other	  sea	  urchin	  P.	  novazealandiae.	  	  
	  
	  
6.4 Adaptive responses to ocean warming and ocean acidification 
	  
One	  potential	  adaptive	  response	  to	  climate	  change	  is	  hybridisation,	  and	  this	  was	  tested	  
on	   the	   sympatric	   sea	   urchins	   P.	   huttoni	   and	   P.	   novazealandiae	   and	   mixing	   of	   the	  
subpopulations	   from	  Fiordland	   and	  Otago	   Shelf.	  The	   research	   showed	   that	   the	  hybrid	  
breeds	  developed	  similar	  as	  their	  maternal	  conspecific	  counterparts	  in	  terms	  of	  thermal	  
windows.	  Both	  hybrid	  groups	  responded	  differently	  with	  the	  hybrid	  P.	  novazealandiae	  ♀	  
x	   P.	   huttoni	   ♂	   offspring	   developed	   poor,	   while	   other	   hybrid	   P.	   huttoni	   ♀	   x	   P.	  
novazealandiae	  ♂	  responded	   similar	   as	   native	  maternal	  P.	  huttoni	  group.	   	   The	   rate	   of	  
successful	   hybridization	   depends	   on	   the	   greatest	   similarity	   and	   the	   gametic	  
compatibility	   between	   two	   parental	   species	   (McClary	   &	   Sewell,	   2003)	   by	   adaptations	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through	   introgression,	   exogenous	   selection	   to	   hybrid	   progeny	   and	   minimal	   bindin	  
divergence	   (Lessios,	   2007;	   Zigler	   et	   al.,	   2012;	   Chunco,	   2014).	   On	   the	   other	   hand,	   the	  
development	   of	   hybrids	   can	   be	   negatively	   affected	   by	   genetic	   incompatibility	   and	  
deleterious	   mutations	   and	   recombinant	   genotypes	   (Lessios,	   2007;	   Charlesworth	   &	  
Willis,	  2009).	  McClary	  &	  Sewell	  (2003)	  have	  reported	  that	  the	  hybrids	  between	  closely-­‐
related	   species	  P.	  huttoni	   and	  P.	  albocinctus	  were	  able	   to	  be	   reared	   to	   sexual	  maturity	  
and	   produce	   F2	   hybrids.	   Similarly,	   Zigler	   et	   al.,	   (2012)	   reported	   that	   Pseudobolitia	  
hybrids	   could	   produce	   offspring,	   and	   in	   both	   cases,	   the	   fitness	   of	   F2	   hybrids	   remains	  
unknown.	  The	  fitness	  rate	  of	  the	  hybrid	  P.	  huttoni	  ♀	  x	  P.	  novazealandiae	  ♂	  over	  longer	  
term	   remains	   unanswered,	   as	   the	   investigation	  was	   limited	   to	   96	   hours.	   There	  was	   a	  
lack	   of	   P.	   novazealandiae	   and	   P.	   albocinctus	   sea	   urchins	   on	   the	   Otago	   Shelf	   during	  
dredges	  between	  July	  2015	  and	  September	  2016.	  	  
	  
The	   use	   of	   regional	   populations	   of	   one	   species	   living	   under	   different	   environmental	  
conditions	   provides	   a	   potential	   indication	   of	   the	   effects	   of	   future	   climate	   change,	   as	  
there	  are	  subpopulations	   living	  at	  an	  edge	  of	   their	  habitat	  or	   in	  a	  region	  with	  extreme	  
changes	   where	   they	   will	   develop	   local	   acclimations	   to	   survive	   in	   their	   habitats	  
(Chiantore	   et	   al.,	   2002;	   Hofmann	   &	   Todgham,	   2010).	   The	   investigations	   into	   the	  
interactive	   effect	   between	   ocean	   warming	   and	   ocean	   acidification	   showed	   the	  
subpopulations	   of	   Fiordland	   and	   Otago	   Shelf	   had	   the	   same	   acclimation	   ability,	   with	  
thermal	   tolerance	   up	   to	   +3°C	   above	   upper	   summer	   temperature	   limit,	   but	   not	   to	  
decreased	  pH	  with	  decreased	  normal	  developmental	  rates	  as	  responses.	  	  
	  
The	  responses	  to	  these	  interactive	  stressors	  between	  temperature	  and	  pH	  are	  complex,	  
and	  therefore,	  the	  study	  between	  P.	  huttoni	  subpopulations	  of	  Fiordland	  and	  Otago	  Shelf	  
was	   conducted	   to	   understand	   how	   these	   local	   environmental	   factors	   influence	   their	  
physiological	   and	   developmental	   mechanisms.	   Both	   native	   and	   hybrid	   offspring	   from	  
maternal	  Fiordland	  sea	  urchins	  had	  similar	  higher	  normal	  developmental	  responses	  and	  
broader	   thermal	   windows	   until	   they	   reached	   the	   pluteus	   stage,	   in	   which	   the	   hybrid	  
larvae	  responded	  poorly	  to	  both	  temperature	  and	  pH	  ranges.	  In	  addition,	  the	  properties	  
of	   healthy	   larvae	   reared	   in	   acidic	   seawater	   were	   smaller	   in	   comparison	   with	   larvae	  
rearing	  in	  ambient	  seawater,	  but	  thermal	  windows	  were	  not	  affected.	  The	  effect	  of	  low	  
pH	  on	  the	  development	  may	  cause	  decreased	  genetic	  expressions	  against	  heat	  stress,	  as	  
this	   was	   previously	   observed	   in	   the	   larvae	   of	   red	   sea	   urchin	   Strongylocentrotus	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franciscanus	   (Hamdoun	   &	   Epel,	   2007;	   O’Donnell	   et	   al.,	   2009;	   Hofmann	   &	   Todgham,	  
2010).	  Ocean	  acidification	  does	  not	  play	  a	  major	  role	  during	  the	  early	  developmental	  
stages,	   aside	   the	   reduced	   rate	   of	   healthy	   properties	   of	   juveniles,	   but	   the	   effect	   on	  
thermal	   windows	   started	   during	   the	   pluteus	   stage.	   Therefore,	   more	   long-­‐term	  
research	   is	   needed	   to	   understand	   the	   multistressor	   effects	   between	   warming	   and	  
acidification	  on	  the	  development.	  	  
	  
	  
6.5 Transgenerational plasticity against warming 
	  
The	  transgenerational	  plasticity	  is	  an	  adaptive	  response	  to	  climate	  changes,	  in	  which	  the	  
progeny	   inherit	   the	   acclimation	   phenotypes	   of	   parents	   after	   being	   exposed	   to	  
environmental	  changes	  (Donelson	  et	  al.,	  2011;	  Shama	  et	  al.,	  2014;	  Morley	  et	  al.,	  2016).	  
Shama	  et	  al.	  (2014)	  indicated	  that	  exposure	  to	  increased	  warming	  during	  reproductive	  
development	  in	  parents	  would	  lead	  to	  positive	  TGP	  effects	  in	  progeny	  and	  the	  offspring	  
of	  the	  acclimated	  mothers	  inherited	  strong	  persistent	  maternal	  phenotypic	  traits	  against	  
extreme	   changes.	   In	   this	   respect,	   this	   study	   did	   not	   find	   a	   strong	   TGP	   response,	  with	  
Antarctic	  sea	  stars	  showing	  no	  clear	  response	  in	  their	  offspring	  to	  increased	  warming.	  In	  
fact,	   the	   parents	   acclimated	   to	   warm	   temperature	   of	   3.5°C	   produced	   few	   healthy	  
offspring.	  The	  limitation	  of	  this	  TGP	  experiment	  may	  be	  the	  short	  acclimatization	  period	  
of	  twelve	  months,	  as	  the	  adults	   invested	  their	  energy	  in	  maintenance	  and	  homeostasis	  
under	   the	  new	  conditions,	   rather	   than	   to	   reproductive	  biology.	  The	  gametogenic	   cycle	  
takes	  at	  least	  18-­‐24	  months	  to	  develop	  gonads	  with	  possible	  TGP	  development.	  Also,	  the	  
Antarctic	  marine	  species	  are	  known	  for	   their	  stenothermy,	   lack	  of	  heat	  shock	  proteins	  
and	   low	  metabolic	  activity	   (Hofmann	  &	  Todgham,	  2010;	  Peck	  et	  al.,	  2013),	  and	  due	   to	  
this	   evolutionary	   history	   and	   phenotypic	   and	   genetic	   selections	   to	   survive	   in	   the	  
constant	  cold	  climate	  in	  the	  Southern	  Ocean,	  the	  Antarctic	  echinoderms	  may	  have	  poor	  
potential	   to	   survive	   elevated	   temperatures	   in	   the	   ocean	   (Somero,	   2010).	   Even	   if	   the	  
Antarctic	   species	  have	  acclimation	  or	  TGP	  abilities,	   the	   rate	  of	   climate	   change	  may	  be	  
faster	   and	   more	   intense	   than	   the	   sea	   star	   is	   able	   to	   sustain,	   especially	   in	   the	   polar	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6.6 Morphological changes by climate change 
	  
Climate	   change	   further	   affects	   the	   body	   sizes	   of	   sea	   urchins,	   as	   the	   larval	   size	   was	  
smaller	  at	  the	  warmer	  temperatures	  and	  low	  pH	  level.	  This	  study	  showed	  the	  sea	  urchin	  
larvae	  derived	   from	  native	  and	   intra-­‐population	  crosses	   (i.e.	  P.	  huttoni	  ♀x	  P.	  huttoni	  ♂	  
and	  Fiordland	  ♀	   x	   Fiordland	  ♂)	  were	   robust	   throughout	   the	   early	   development	   since	  
their	   fertilisation	   rates	   were	   on	   average	   largest,	   while	   hybrid	   and	   inter-­‐population	  
crosses	   (P.	   novazealandiae	   ♀x	   P.	   huttoni	   ♂	   and	   Otago	   ♀	   x	   Fiordland	   ♂)	   performed	  
poorly	  with	  the	   lowest	   fertilisation	  rates.	  Most	  significant	  differences	  were	  seen	   in	  the	  
postoral	   arms	   and	   stomach	   area.	   The	   changes	   in	   larval	   body	   may	   be	   phenotypic	  
advantages	  in	  search	  for	  food,	  although	  more	  research	  is	  needed	  to	  the	  function	  of	  these	  
morphological	  traits.	  These	  changes	  in	  morphology	  might	  determine	  the	  rate	  of	  survival	  
and	   population	   size	   along	   with	   the	   developmental	   responses	   to	   climate	   changes,	   as	  
these	   factors	  are	   important	   for	  physiological	   functions,	  overall	   fitness	  of	  a	  species	  and	  
interactions	  with	  other	  species	  in	  the	  food	  web	  (Peck	  et	  al.,	  2004;	  Gardner	  et	  al.,	  2011).	  
	  
	  
6.7 Maternal influence on early development 
	  
Maternal	   protection	   during	   the	   early	   development	   takes	   many	   forms	   such	   as	  
modification	  of	   gene	  expression,	  morphological	   and	  behavioural	   changes	   (Crean	  et	  al.,	  
2013).	   The	   maternal	   effects	   on	   the	   eggs	   either	   act	   as	   a	   buffer	   against	   changing	  
environmental	   conditions	   or	   temporarily	   suspend	   or	   inhibit	   development	   in	   severe	  
changing	  in	  ecosystems	  by	  climate	  changes	  (Hamdoun	  &	  Epel,	  2007;	  Crean	  et	  al.,	  2013).	  
Paternal	  effects	  are	  likely	  to	  be	  weaker	  and	  harder	  to	  detect	  than	  maternal	  effects,	  but	  
they	  play	  an	  essential	  role	  in	  the	  fertilisation,	  with	  low	  internal	  pH	  7.6	  in	  the	  sperm	  that	  
will	   subsequently	   increase	   the	   survival	   in	   acidic	   seawater	   (Hamdoun	   &	   Epel,	   2007;	  
Byrne	  et	  al.,	  2009;	  Crean	  et	  al.,	   2013).	  This	  protection	   against	  decreased	  pH	  was	   seen	  
during	   the	   first	  hours	  after	   fertilisation	  with	  similar	  normal	  developmental	   rates	  as	   in	  
the	  group	  rearing	  at	  ambient	  pH.	  Their	  contributions	  are	  found	  in	  the	  nuclear	  genetics,	  
and	  they	  start	  to	  express	  when	  the	  larvae	  reach	  the	  gastrulation	  stage	  (Foo	  et	  al.,	  2012;	  
Crean	  et	  al.,	  2013).	  Maternal	  phenotypes,	  e.g.	  TGP,	  are	  affected	  by	  their	  environmental	  
surroundings,	   and	   in	   turn,	   these	   phenotypes	   will	   be	   inherited	   by	   their	   offspring	   as	  
protective	   responses	   through	   mitochondria	   or	   egg-­‐mediated	   mechanisms	   (Foo	   et	   al.,	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2014;	  Shama	  et	  al.,	  2014).	  However,	  this	  ability	  was	  not	  observed	  in	  the	  offspring	  of	  the	  
warm-­‐acclimated	   O.	   validus	   adults.	   Thus,	   the	   performance	   of	   the	   progeny	   will	   act	  
differently	   from	   the	   early	   development	   as	   the	   maternal	   effects	   are	   strongly	   initiated	  
from	  a	  combination	  of	  genetic	  and	  environmental	  factors,	  while	  the	  paternal	  genotypes	  
affected	  the	  further	  development	  (Foo	  et	  al.,	  2012,	  2014).	  	  
	  
Raff	  et	  al.	  (1999)	  showed	  that	  hybrid	  Heliocidaris	  offspring	  developed	  feeding	  structures	  
under	   influence	  of	   paternal	  H.	  tuberculata	   genome	  during	  development	   after	   the	  non-­‐
feeding	  embryonic	  stage,	  which	  was	  a	  maternal	  H.	  eurythrogramma	  trait.	  Both	  hybrid	  P.	  
novazealandiae	  ♀	  x	  P.	  huttoni	  ♂	  and	  inter-­‐population	  Otago	  ♀	  x	  Fiordland	  ♂	  progenies	  
developed	  slowest	  in	  comparison	  with	  the	  other	  groups	  with	  same	  maternal	  parent,	  and	  
it	  is	  possibly	  caused	  by	  either	  maternal	  defensive	  responses	  to	  the	  warming	  or	  negative	  
paternal	   genotypic	   responses.	   In	   contrast,	   the	   other	   hybrid	   P.	   huttoni	   ♀	   x	   P.	  
novazealandiae	   ♂	   and	   inter-­‐population	   Fiordland	   ♀	   x	   Otago	   ♂	   offspring	   developed	  
similar	   as	   their	   maternal	   species,	   and	   the	   maternal	   expression	   genes	   may	   play	   an	  
important	   role	   by	   developing	   similar	   responses	   in	   both	   native	   and	   hybrid	   progeny	  
during	  the	  embryonic	  development	  (Lessios,	  2007;	  Foo	  et	  al.,	  2012,	  2014).	  	  
	  
The	  transformation	  of	  embryos	  to	  larvae	  was	  the	  most	  sensitive	  stage,	  as	  the	  sea	  urchin	  
and	   sea	   stars	   offspring	   were	   robust	   to	   the	   warming	   and	   acidification	   during	   the	  
embryonic	   stage,	  but	  highly	   sensitive	   to	   increased	   temperature	  once	   they	   reached	   the	  
gastrulation	   stage,	   indicated	   by	   a	   narrower	   thermal	   window	   and	   decreased	   normal	  
developmental	   rate	  during	  pluteus	   stage	  under	   reduced	  pH.	  That	   indicated	   the	   larvae	  






Understanding	   how	   global	   climate	   change	   impacts	   on	   the	   development	   of	  
echinoderms,	  the	  New	  Zealand’s	  native	  and	  hybrid	  sea	  urchins	  and	  Antarctic	  sea	  stars,	  
I	  tested	  for	  their	  acclimatisation	  and	  TGP	  abilities,	  respectively,	  to	  increased	  warming	  
and	   acidification.	   In	   general,	   the	   offspring	   experienced	   stressful	   development	   with	  
decreased	   responses	   to	   both	   environmental	   factors,	   as	   both	   stressors	   act	   differently	  
	   89	  
throughout	   the	   development	   of	   embryos	   and	   larvae.	   First	   effects	   on	   physiological	  
performance,	   thermal	   tolerance	   and	   development	   will	   be	   cause	   by	   increased	  
temperature	  (Hamdoun	  &	  Epel,	  2007;	  Rahman	  et	  al.,	  2009;	  Foo	  et	  al.,	  2012),	  and	  in	  the	  
later	   early	   developmental	   stages,	   decreased	   pH	   will	   have	   effects	   on	   the	   calcifying	  
functions	  and	  metabolism	  of	  the	  larvae	  (Doney	  et	  al.,	  2009;	  Dupont	  et	  al.,	  2010;	  Byrne	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Appendix A. Data of normal development of four groups of 
Pseudechinus sp. to twelve temperature levels at three 
time points in mean and SE.  
 
 
Appendix	   A.1.	   Data	   of	   normal	   development	   of	   native	   Pseudechinus	   progeny	   (P.	  
novazealandiae	  ♀	  x	  P.	  novazealandiae	  ♂)	  to	  twelve	  temperature	  variables	  between	  5.9°C	  
and	  21.1°C,	  measured	  at	  three	  time	  points	  (18,	  48	  and	  96	  hour)	  in	  mean	  and	  SE.	  
P.	  novazealandiae	  ♀ x	  
P.	  novazealandiae	  ♂	  
18	  hours	   	   48	  hours	   	   96	  hours	   	  
	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	  
Temperature	  (°C)	   	   	   	   	   	   	  
5.9	   23.8	  ±	  9.5	   	   25.0	  ±	  25.0	   	   82.5	  ±	  7.5	   	  
7.8	   0.0	  ±	  0.0	   	   15.0	  ±	  15.0	   	   93.8	  ±	  6.3	   	  
9.3	   16.7	  ±	  16.7	   	   57.5	  ±	  2.5	   	   93.8	  ±	  6.3	   	  
11.0	   12.5	  ±	  12.5	   	   76.9	  ±	  23.1	   	   100.0	  ±	  0.00	   	  
12.2	   75.0	  ±	  25.0	   	   74.4	  ±	  5.6	   	   42.9	  ±	  42.9	   	  
13.5	   30.0	  ±	  30.0	   	   42.5	  ±	  32.5	   	   50.0	  ±	  50.0	  	   	  
14.8	   26.7	  ±	  6.7	   	   56.9	  ±	  31.9	   	   0.0	  ±	  0.0	   	  
16.2	   25.0	  ±	  25.0	   	   51.4	  ±	  26.4	   	   0.0	  ±	  0.0	   	  
17.7	   7.1	  ±	  7.1	   	   75.0	  ±	  25.0	   	   0.0	  ±	  0.0	   	  
18.8	   33.3	  ±	  33.3	   	   90.0	  ±	  10.0	   	   0.0	  ±	  0.0	   	  
19.9	   50.0	  ±	  50.0	   	   100.0	  ±	  0.0	   	   0.0	  ±	  0.0	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Appendix	   A.2.	   Data	   of	   normal	   development	   of	   hybrid	   Pseudechinus	   progeny	   (P.	  
novazealandiae	  ♀	   x	   P.	   huttoni	  ♂)	   to	   twelve	   temperature	   variables	   between	   5.9°C	   and	  
21.1°C,	  measured	  at	  three	  time	  points	  (18,	  48	  and	  96	  hour)	  in	  mean	  and	  SE.	  
P.	  novazealandiae	  ♀	  x	  
P.	  huttoni	  ♂	  
18	  hours	   	   48	  hours	   	   96	  hours	   	  
	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	  
Temperature	  (°C)	   	   	   	   	   	   	  
5.9	   12.5	  ±	  12.5	   	   13.9	  ±	  2.8	   	   40.0	  ±	  30.0	   	  
7.8	   0.0	  ±	  0.0	   	   52.4	  ±	  19.0	   	   72.3	  ±	  13.4	   	  
9.3	   8.3	  ±	  8.3	   	   26.1	  ±	  1.1	   	   50.0	  ±	  25.0	  	   	  
11.0	   12.5	  ±	  12.5	   	   34.8	  ±	  12.6	   	   50.0	  ±	  10.0	   	  
12.2	   11.1	  ±	  11.1	   	   48.3	  ±	  18.3	   	   50.0	  ±	  50.0	   	  
13.5	   0.0	  ±	  0.0	   	   28.6	  ±	  21.4	   	   0.0	  ±	  0.0	   	  
14.8	   0.0	  ±	  0.0	   	   31.4	  ±	  11.4	   	   0.0	  ±	  0.0	   	  
16.2	   37.5	  ±	  37.5	   	   33.3	  ±	  0.0	   	   0.0	  ±	  0.0	   	  
17.7	   16.7	  ±	  16.7	   	   35.0	  ±	  15.0	   	   0.0	  ±	  0.0	   	  
18.8	   31.4	  ±	  11.4	   	   58.3	  ±	  8.3	   	   0.0	  ±	  0.0	   	  
19.9	   25.0	  ±	  0.0	   	   50.0	  ±	  50.0	   	   0.0	  ±	  0.0	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Appendix	   A.3.	   D	   Data	   of	   normal	   development	   of	   hybrid	   Pseudechinus	   progeny	   (P.	  
huttoni	  ♀	   x	   P.	   novazealandiae	  ♂)	   to	   twelve	   temperature	   variables	   between	   5.9°C	   and	  
21.1°C,	  measured	  at	  three	  time	  points	  (18,	  48	  and	  96	  hour)	  in	  mean	  and	  SE.	  
P.	  huttoni	  ♀	  x	  
P.	  novazealandiae	  ♂	  
18	  hours	   	   48	  hours	   	   96	  hours	   	  
	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	  
Temperature	  (°C)	   	   	   	   	   	   	  
5.9	   15.1	  ±	  8.0	   	   15.9	  ±	  8.5	   	   3.1	  ±	  3.1	   	  
7.8	   61.8	  ±	  11.8	   	   69.9	  ±	  3.2	   	   58.3	  ±	  13.1	   	  
9.3	   54.0	  ±	  11.2	   	   54.3	  ±	  11.4	   	   92.4	  ±	  4.4	   	  
11.0	   85.0	  ±	  15.0	   	   57.8	  ±	  15.5	   	   95.7	  ±	  0.6	   	  
12.2	   88.5	  ±	  11.5	   	   75.2	  ±	  18.1	   	   93.1	  ±	  3.1	   	  
13.5	   75.2	  ±	  6.0	   	   82.5	  ±	  0.1	   	   89.7	  ±	  5.7	   	  
14.8	   68.3	  ±	  3.1	   	   93.6	  ±	  3.1	   	   85.0	  ±	  0.7	   	  
16.2	   79.0	  ±	  2.5	   	   93.4	  ±	  1.4	   	   87.5	  ±	  1.0	   	  
17.7	   69.6	  ±	  0.1	   	   85.9	  ±	  1.8	   	   89.2	  ±	  8.5	   	  
18.8	   55.1	  ±	  7.9	   	   64.5	  ±	  16.6	   	   27.8	  ±	  27.8	   	  
19.9	   18.1	  ±	  11.3	   	   50.0	  ±	  50.0	   	   50.0	  ±	  50.0	   	  
















	   105	  
Appendix	  A.4.	  Data	  of	  normal	  development	  of	  native	  Pseudechinus	  progeny	  (P.	  huttoni	  
♀	  x	  P.	  huttoni	  ♂)	  to	  twelve	  temperature	  variables	  between	  5.9°C	  and	  21.1°C,	  measured	  
at	  three	  time	  points	  (18,	  48	  and	  96	  hour)	  in	  mean	  and	  SE.	  
P.	  huttoni	  ♀	  x	  
P.	  huttoni	  ♂	  
18	  hours	   	   48	  hours	   	   96	  hours	   	  
	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	  
Temperature	  (°C)	   	   	   	   	   	   	  
5.9	   38.9	  ±	  5.6	   	   8.8	  ±	  2.9	   	   0.0	  ±	  0.0	   	  
7.8	   73.9	  ±	  6.1	   	   87.5	  ±	  12.5	   	   85.0	  ±	  3.9	   	  
9.3	   83.9	  ±	  11.1	   	   73.0	  ±	  5.4	   	   97.4	  ±	  0.0	   	  
11.0	   85.9	  ±	  5.0	   	   59.5	  ±	  26.2	   	   100.0	  ±	  0.0	   	  
12.2	   96.7	  ±	  3.3	   	   89.7	  ±	  10.3	   	   96.5	  ±	  1.2	   	  
13.5	   89.4	  ±	  4.8	   	   93.5	  ±	  6.5	   	   95.0	  ±	  2.1	   	  
14.8	   78.3	  ±	  11.7	   	   96.8	  ±	  1.2	   	   92.1	  ±	  2.1	   	  
16.2	   94.3	  ±	  5.7	   	   90.2	  ±	  2.7	   	   94.7	  ±	  0.2	   	  
17.7	   92.4	  ±	  4.2	   	   91.6	  ±	  6.5	   	   90.7	  ±	  2.3	   	  
18.8	   86.7	  ±	  2.7	   	   79.2	  ±	  6.5	   	   78.5	  ±	  11.8	   	  
19.9	   25.5	  ±	  7.8	   	   13.3	  ±	  13.3	   	   50.0	  ±	  50.0	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Appendix B. Data of normal development of four groups of 
Pseudechinus huttoni to twelve temperature levels and two 
pH levels at four time points in mean and SE.  
	  
	  
Appendix	  B.1.	  Data	  of	  normal	  development	  of	  two	  intra-­‐site	  progeny	  groups	  (Fiordland	  
♀	   x	   Fiordland	  ♂	   and	   Otago	  ♀	   x	   Otago	  ♂)	   and	   two	   inter-­‐population	   progeny	   groups	  
(Fiordland	  ♀	   x	  Otago	  ♂	   and	  Otago	  ♀	   x	   Fiordland	  ♂)	   at	  pH	  8.1	   to	   twelve	   temperature	  
variables	  between	  5.9°C	  and	  21.8°C	  at	  2	  hours	  post-­‐fertilisation	  in	  mean	  and	  SE.	  
2	  hours	   pH	  8.1	  
	   Fiordland	  ♀	  x	  
Fiordland	  ♂	  
	   Fiordland	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Fiordland	  ♂	  
	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	  
Temperature	  (°C)	   	   	   	   	   	   	   	  
7.9	   85.6	  ±	  4.3	   	   70.7	  ±	  6.6	   	   72.2	  ±	  6.8	   	   55.7	  ±	  3.5	  	  
9.4	   76.8	  ±	  11.2	   	   66.6	  ±	  3.7	   	   78.3	  ±	  2.2	   	   52.8	  ±	  5.5	  
11.1	   70.1	  ±	  13.7	   	   68.8	  ±	  2.1	   	   72.7	  ±	  6.8	   	   43.6	  ±	  6.1	  
12.6	   64.3	  ±	  13.4	   	   57.9	  ±	  10.3	   	   68.1	  ±	  1.7	   	   40.9	  ±	  5.3	  
14.1	   72.7	  ±	  4.2	   	   63.8	  ±	  4.9	   	   70.5	  ±	  2.5	   	   51.3	  ±	  7.3	  
14.9	   60.4	  ±	  9.6	   	   64.8	  ±	  3.9	   	   65.0	  ±	  4.5	   	   50.8	  ±	  8.0	  	  
16.5	   63.4	  ±	  11.0	   	   69.5	  ±	  5.9	   	   73.0	  ±	  10.5	   	   60.6	  ±	  8.0	  
17.6	   66.0	  ±	  5.5	   	   61.3	  ±	  3.5	   	   64.4	  ±	  8.7	   	   38.6	  ±	  1.1	  
18.7	   56.3	  ±	  9.5	   	   64.8	  ±	  6.5	   	   56.1	  ±	  7.2	   	   41.7	  ±	  2.6	  
19.8	   60.8	  ±	  10.0	   	   49.9	  ±	  1.0	   	   35.5	  ±	  9.3	   	   32.1	  ±	  3.0	  
20.8	   41.6	  ±	  10.9	   	   40.8	  ±	  4.1	   	   30.3	  ±	  1.3	   	   21.5	  ±	  4.1	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Appendix	  B.2.	  Data	  of	  normal	  development	  of	  two	  intra-­‐site	  progeny	  groups	  (Fiordland	  
♀	   x	   Fiordland	  ♂	   and	   Otago	  ♀	   x	   Otago	  ♂)	   and	   two	   inter-­‐population	   progeny	   groups	  
(Fiordland	  ♀	   x	  Otago	  ♂	   and	  Otago	  ♀	   x	   Fiordland	  ♂)	   at	  pH	  7.7	   to	   twelve	   temperature	  
variables	  between	  5.9°C	  and	  21.8°C	  at	  2	  hours	  post-­‐fertilisation	  in	  mean	  and	  SE.	  
2	  hours	   pH	  7.7	  
	   Fiordland	  ♀	  x	  
Fiordland	  ♂	  
	   Fiordland	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Fiordland	  ♂	  
	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	  
Temperature	  (°C)	   	   	   	   	   	   	   	  
7.9	   71.7	  ±	  4.6	   	   76.9	  ±	  5.1	   	   60.0	  ±	  1.0	   	   29.5	  ±	  3.4	  
9.4	   71.8	  ±	  1.4	   	   74.6	  ±	  4.8	   	   64.8	  ±	  4.0	   	   38.0	  ±	  2.3	  
11.1	   70.4	  ±	  2.5	   	   67.9	  ±	  5.4	   	   56.5	  ±	  4.7	   	   20.5	  ±	  6.0	  
12.6	   66.2	  ±	  9.3	   	   62.5	  ±	  4.2	   	   51.6	  ±	  8.4	   	   25.5	  ±	  5.6	  
14.1	   66.2	  ±	  5.4	   	   55.1	  ±	  7.9	   	   47.4	  ±	  12.6	   	   27.7	  ±	  6.6	  
14.9	   60.4	  ±	  3.8	   	   61.3	  ±	  4.1	   	   46.0	  ±	  4.8	   	   30.9	  ±	  4.3	  
16.5	   59.8	  ±	  2.6	   	   48.6	  ±	  9.5	   	   50.0	  ±	  2.7	   	   32.0	  ±	  4.4	  
17.6	   45.3	  ±	  6.1	   	   58.5	  ±	  1.4	   	   43.5	  ±	  6.2	   	   30.6	  ±	  7.9	  
18.7	   60.8	  ±	  3.4	   	   50.0	  ±	  4.7	   	   42.8	  ±	  8.9	   	   29.4	  ±	  8.8	  
19.8	   51.9	  ±	  7.5	   	   37.5	  ±	  11.5	   	   37.0	  ±	  1.2	   	   24.4	  ±	  7.5	  
20.8	   33.1	  ±	  6.6	   	   34.2	  ±	  1.2	   	   33.9	  ±	  3.7	   	   19.8	  ±	  6.2	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Appendix	  B.3.	  Data	  of	  normal	  development	  of	  two	  intra-­‐site	  progeny	  groups	  (Fiordland	  
♀	   x	   Fiordland	  ♂	   and	   Otago	  ♀	   x	   Otago	  ♂)	   and	   two	   inter-­‐population	   progeny	   groups	  
(Fiordland	  ♀	   x	  Otago	  ♂	   and	  Otago	  ♀	   x	   Fiordland	  ♂)	   at	  pH	  8.1	   to	   twelve	   temperature	  
variables	  between	  5.9°C	  and	  21.8°C	  at	  10	  hours	  post-­‐fertilisation	  in	  mean	  and	  SE.	  
10	  hours	   pH	  8.1	  
	   Fiordland	  ♀	  x	  
Fiordland	  ♂	  
	   Fiordland	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Fiordland	  ♂	  
	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	  
Temperature	  (°C)	   	   	   	   	   	   	   	  
7.9	   72.6	  ±	  2.2	   	   46.3	  ±	  3.1	   	   66.7	  ±	  2.4	   	   35.8	  ±	  5.6	  
9.4	   66.0	  ±	  1.8	   	   72.2	  ±	  6.7	   	   77.7	  ±	  2.8	   	   52.1	  ±	  3.0	  
11.1	   78.9	  ±	  10.6	   	   65.9	  ±	  8.1	   	   66.7	  ±	  2.2	   	   54.1	  ±	  7.9	  
12.6	   83.9	  ±	  6.1	   	   81.4	  ±	  3.9	   	   77.4	  ±	  3.6	   	   59.2	  ±	  1.4	  
14.1	   73.4	  ±	  3.4	   	   82.9	  ±	  7.9	   	   86.3	  ±	  0.9	   	   49.5	  ±	  4.5	  
14.9	   72.4	  ±	  2.9	   	   82.9	  ±	  5.8	   	   75.1	  ±	  5.2	   	   63.1	  ±	  4.9	  
16.5	   87.8	  ±	  2.3	   	   88.0	  ±	  2.1	   	   74.7	  ±	  2.0	   	   54.4	  ±	  8.5	  
17.6	   81.5	  ±	  2.9	   	   87.6	  ±	  3.4	   	   78.1	  ±	  7.2	   	   50.5	  ±	  5.4	  
18.7	   73.8	  ±	  3.8	   	   73.3	  ±	  5.9	   	   66.2	  ±	  4.3	   	   56.1	  ±	  8.8	  
19.8	   52.6	  ±	  7.1	   	   65.3	  ±	  2.6	   	   26.7	  ±	  3.4	   	   26.5	  ±	  6.6	  
20.8	   33.5	  ±	  5.1	   	   35.8	  ±	  4.3	   	   7.0	  ±	  1.0	   	   1.9	  ±	  1.9	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Appendix	  B.4.	  Data	  of	  normal	  development	  of	  two	  intra-­‐site	  progeny	  groups	  (Fiordland	  
♀	   x	   Fiordland	  ♂	   and	   Otago	  ♀	   x	   Otago	  ♂)	   and	   two	   inter-­‐population	   progeny	   groups	  
(Fiordland	  ♀	   x	  Otago	  ♂	   and	  Otago	  ♀	   x	   Fiordland	  ♂)	   at	  pH	  7.7	   to	   twelve	   temperature	  
variables	  between	  5.9°C	  and	  21.8°C	  at	  10	  hours	  post-­‐fertilisation	  in	  mean	  and	  SE.	  
10	  hours	   pH	  7.7	  
	   Fiordland	  ♀	  x	  
Fiordland	  ♂	  
	   Fiordland	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Fiordland	  ♂	  
	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	  
Temperature	  (°C)	   	   	   	   	   	   	   	  
7.9	   51.3	  ±	  6.4	   	   59.7	  ±	  15.3	   	   43.1	  ±	  5.6	   	   17.8	  ±	  1.1	  
9.4	   76.0	  ±	  4.5	   	   80.3	  ±	  1.9	   	   59.6	  ±	  10.9	   	   34.8	  ±	  6.4	  
11.1	   77.8	  ±	  1.2	   	   69.0	  ±	  6.2	   	   53.2	  ±	  6.3	   	   26.6	  ±	  8.2	  
12.6	   79.2	  ±	  6.1	   	   72.0	  ±	  6.1	   	   75.5	  ±	  1.2	   	   28.5	  ±	  6.7	  
14.1	   75.3	  ±	  2.4	   	   83.3	  ±	  4.0	   	   61.7	  ±	  4.0	   	   21.3	  ±	  9.9	  
14.9	   85.5	  ±	  2.3	   	   78.6	  ±	  9.0	   	   66.7	  ±	  3.4	   	   32.3	  ±	  1.7	  
16.5	   71.2	  ±	  5.1	   	   73.0	  ±	  8.8	   	   52.5	  ±	  3.5	   	   23.2	  ±	  2.5	  
17.6	   62.5	  ±	  13.2	   	   78.9	  ±	  2.4	   	   38.9	  ±	  2.8	   	   18.1	  ±	  2.0	  
18.7	   71.5	  ±	  2.2	   	   64.8	  ±	  9.9	   	   34.5	  ±	  0.7	   	   22.5	  ±	  8.5	  
19.8	   43.3	  ±	  2.7	   	   31.3	  ±	  15.7	   	   34.6	  ±	  7.0	   	   18.7	  ±	  1.6	  
20.8	   17.3	  ±	  11.9	   	   15.6	  ±	  10.0	  	   	   12.2	  ±	  2.7	   	   9.6	  ±	  2.2	  













	   110	  
Appendix	  B.5.	  Data	  of	  normal	  development	  of	  two	  intra-­‐site	  progeny	  groups	  (Fiordland	  
♀	   x	   Fiordland	  ♂	   and	   Otago	  ♀	   x	   Otago	  ♂)	   and	   two	   inter-­‐population	   progeny	   groups	  
(Fiordland	  ♀	   x	  Otago	  ♂	   and	  Otago	  ♀	   x	   Fiordland	  ♂)	   at	  pH	  8.1	   to	   twelve	   temperature	  
variables	  between	  5.9°C	  and	  21.8°C	  at	  48	  hours	  post-­‐fertilisation	  in	  mean	  and	  SE.	  
48	  hours	   pH	  8.1	  
	   Fiordland	  ♀	  x	  
Fiordland	  ♂	  
	   Fiordland	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Fiordland	  ♂	  
	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	  
Temperature	  (°C)	   	   	   	   	   	   	   	  
7.9	   76.9	  ±	  3.3	   	   79.5	  ±	  2.8	   	   82.5	  ±	  3.1	   	   67.5	  ±	  2.4	  
9.4	   74.6	  ±	  4.7	   	   81.5	  ±	  3.3	   	   84.3	  ±	  2.9	   	   67.7	  ±	  3.5	  
11.1	   73.6	  ±	  2.6	   	   73.9	  ±	  4.8	   	   80.2	  ±	  1.6	   	   74.2	  ±	  6.0	  
12.6	   81.7	  ±	  3.8	   	   78.3	  ±	  3.9	   	   71.7	  ±	  3.6	   	   75.6	  ±	  2.2	  
14.1	   81.7	  ±	  4.0	   	   81.0	  ±	  1.2	   	   76.4	  ±	  3.8	   	   80.5	  ±	  1.9	  
14.9	   85.5	  ±	  2.2	   	   81.2	  ±	  3.0	   	   87.5	  ±	  3.8	   	   87.3	  ±	  2.8	  
16.5	   86.4	  ±	  4.3	   	   84.4	  ±	  4.4	   	   85.8	  ±	  3.2	   	   93.2	  ±	  2.1	  
17.6	   81.4	  ±	  2.9	   	   76.8	  ±	  6.5	   	   69.5	  ±	  21.1	   	   89.8	  ±	  4.3	  
18.7	   71.1	  ±	  6.5	   	   73.1	  ±	  1.7	   	   59.7	  ±	  5.0	   	   68.3	  ±	  14.8	  
19.8	   45.7	  ±	  11.3	   	   23.6	  ±	  7.6	   	   0.0	  ±	  0.0	   	   47.2	  ±	  23.7	  
20.8	   6.1	  ±	  6.1	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	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Appendix	  B.6.	  Data	  of	  normal	  development	  of	  two	  intra-­‐site	  progeny	  groups	  (Fiordland	  
♀	   x	   Fiordland	  ♂	   and	   Otago	  ♀	   x	   Otago	  ♂)	   and	   two	   inter-­‐population	   progeny	   groups	  
(Fiordland	  ♀	   x	  Otago	  ♂	   and	  Otago	  ♀	   x	   Fiordland	  ♂)	   at	  pH	  7.7	   to	   twelve	   temperature	  
variables	  between	  5.9°C	  and	  21.8°C	  at	  48	  hours	  post-­‐fertilisation	  in	  mean	  and	  SE.	  
48	  hours	   pH	  7.7	  
	   Fiordland	  ♀	  x	  
Fiordland	  ♂	  
	   Fiordland	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Fiordland	  ♂	  
	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	  
Temperature	  (°C)	   	   	   	   	   	   	   	  
7.9	   71.1	  ±	  3.1	   	   72.6	  ±	  5.9	   	   66.3	  ±	  3.8	  	   	   28.8	  ±	  9.0	  
9.4	   58.6	  ±	  5.1	   	   52.1	  ±	  5.4	   	   65.5	  ±	  5.6	   	   44.0	  ±	  8.0	  
11.1	   53.5	  ±	  1.8	   	   46.7	  ±	  2.1	   	   72.5	  ±	  4.3	   	   59.5	  ±	  16.1	  
12.6	   65.2	  ±	  4.5	   	   54.6	  ±	  8.6	   	   73.8	  ±	  4.1	   	   51.5	  ±	  13.9	  
14.1	   71.9	  ±	  3.9	   	   64.8	  ±	  2.5	   	   60.1	  ±	  3.4	   	   63.0	  ±	  4.2	  
14.9	   72.7	  ±	  0.8	   	   63.7	  ±	  5.1	   	   72.1	  ±	  8.7	   	   69.3	  ±	  1.3	  
16.5	   79.9	  ±	  3.7	   	   58.2	  ±	  4.8	   	   71.1	  ±	  7.5	   	   70.9	  ±	  9.4	  
17.6	   71.4	  ±	  1.8	   	   53.0	  ±	  4.4	   	   57.7	  ±	  21.2	   	   70.9	  ±	  11.4	  
18.7	   65.5	  ±	  2.5	   	   51.6	  ±	  13.3	   	   55.2	  ±	  14.4	   	   49.4	  ±	  24.7	  
19.8	   47.2	  ±	  10.1	   	   9.3	  ±	  4.7	   	   0.0	  ±	  0.0	   	   16.7	  ±	  16.7	  
20.8	   11.1	  ±	  11.1	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	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Appendix	  B.7.	  Data	  of	  normal	  development	  of	  two	  intra-­‐site	  progeny	  groups	  (Fiordland	  
♀	   x	   Fiordland	  ♂	   and	   Otago	  ♀	   x	   Otago	  ♂)	   and	   two	   inter-­‐population	   progeny	   groups	  
(Fiordland	  ♀	   x	  Otago	  ♂	   and	  Otago	  ♀	   x	   Fiordland	  ♂)	   at	  pH	  8.1	   to	   twelve	   temperature	  
variables	  between	  5.9°C	  and	  21.8°C	  at	  120	  hours	  post-­‐fertilisation	  in	  mean	  and	  SE.	  
120	  hours	   pH	  8.1	  
	   Fiordland	  ♀	  x	  
Fiordland	  ♂	  
	   Fiordland	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Fiordland	  ♂	  
	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	  
Temperature	  (°C)	   	   	   	   	   	   	   	  
7.9	   73.8	  ±	  4.8	   	   51.2	  ±	  13.0	   	   72.4	  ±	  1.6	   	   58.8	  ±	  3.1	  
9.4	   86.3	  ±	  2.7	   	   66.0	  ±	  4.7	   	   82.8	  ±	  6.1	   	   75.6	  ±	  12.8	  
11.1	   87.4	  ±	  2.7	   	   80.2	  ±	  2.4	   	   70.1	  ±	  18.4	   	   38.9	  ±	  21.7	  
12.6	   80.8	  ±	  6.8	   	   81.0	  ±	  5.3	   	   75.6	  ±	  12.9	   	   63.5	  ±	  15.1	  
14.1	   88.5	  ±	  1.7	   	   76.5	  ±	  4.3	   	   62.7	  ±	  19.0	   	   52.0	  ±	  26.1	  
14.9	   83.0	  ±	  6.4	   	   85.0	  ±	  0.7	   	   69.5	  ±	  11.7	   	   62.9	  ±	  19.0	  
16.5	   77.7	  ±	  6.7	   	   74.7	  ±	  8.0	   	   23.1	  ±	  23.1	   	   57.1	  ±	  28.6	  
17.6	   73.9	  ±	  9.4	   	   54.6	  ±	  4.7	   	   35.7	  ±	  18.0	   	   72.3	  ±	  11.2	  
18.7	   49.9	  ±	  13.2	   	   25.2	  ±	  12.9	   	   0.0	  ±	  0.0	   	   36.1	  ±	  24.7	  
19.8	   3.7	  ±	  3.7	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	  
20.8	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	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Appendix	  B.8.	  Data	  of	  normal	  development	  of	  two	  intra-­‐site	  progeny	  groups	  (Fiordland	  
♀	   x	   Fiordland	  ♂	   and	   Otago	  ♀	   x	   Otago	  ♂)	   and	   two	   inter-­‐population	   progeny	   groups	  
(Fiordland	  ♀	   x	  Otago	  ♂	   and	  Otago	  ♀	   x	   Fiordland	  ♂)	   at	  pH	  7.7	   to	   twelve	   temperature	  
variables	  between	  5.9°C	  and	  21.8°C	  at	  120	  hours	  post-­‐fertilisation	  in	  mean	  and	  SE.	  
120	  hours	   pH	  7.7	  
	   Fiordland	  ♀	  x	  
Fiordland	  ♂	  
	   Fiordland	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Otago	  ♂	  
	   Otago	  ♀	  x	  
Fiordland	  ♂	  
	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	   	   Mean	  ±	  SE	  
Temperature	  (°C)	   	   	   	   	   	   	   	  
7.9	   54.3	  ±	  3.6	   	   44.2	  ±	  8.6	   	   43.7	  ±	  2.0	   	   40.0	  ±	  10.0	  
9.4	   81.6	  ±	  3.6	   	   50.6	  ±	  5.4	   	   51.6	  ±	  8.2	   	   42.9	  ±	  24.7	  
11.1	   74.1	  ±	  2.4	   	   44.5	  ±	  11.6	   	   81.7	  ±	  6.8	   	   67.3	  ±	  8.7	  
12.6	   80.3	  ±	  1.2	   	   60.1	  ±	  9.0	   	   79.4	  ±	  8.5	   	   57.8	  ±	  20.8	  
14.1	   80.5	  ±	  3.4	   	   52.9	  ±	  13.6	   	   60.5	  ±	  6.2	   	   53.0	  ±	  26.9	  
14.9	   59.0	  ±	  3.7	   	   42.0	  ±	  24.2	   	   69.9	  ±	  10.2	   	   30.9	  ±	  30.9	  
16.5	   70.6	  ±	  4.6	   	   45.2	  ±	  24.9	   	   6.7	  ±	  6.7	   	   29.2	  ±	  15.0	  
17.6	   50.9	  ±	  14.3	   	   0.0	  ±	  0.0	   	   22.2	  ±	  22.2	   	   53.5	  ±	  20.2	  
18.7	   63.4	  ±	  8.3	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	   	   16.7	  ±	  16.7	  
19.8	   13.3	  ±	  13.3	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	   	   16.7	  ±	  16.7	  
20.8	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	  
21.8	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	   	   0.0	  ±	  0.0	  
	  
	  
	  
	  
	  
	  
